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“The first principle is that you must not fool yourself and you are the easiest person to 

fool.” 

 

Richard Feynman 
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I. Introduction 
 

Actin is the most abundant protein found in all eukaryotic organism from plants 

to animals. The property of the actin molecule to assemble into filament in a reversible 

way make it suitable for playing an indispensable role in different cellular processes 

such as cell locomotion, morphogenesis, membrane trafficking, and cell division. To 

precisely fulfil its versatile function, the spatiotemporal organisations of diverse actin 

filament networks are controlled by a large number of actin-binding proteins. These 

effectors can disrupt unnecessary “old” actin structures and assist in the assembly of 

new actin networks with diverse architecture depending on the cellular process in 

which they are involved. To understand the actin-based cellular processes in details it is 

necessary to explore the conformational and dynamic changes occur within the actin 

molecule due to the action of actin-binding proteins.  

I.1 Properties of the actin molecule 
 

Actin is an ATPase protein sharing similar three-dimensional structure with 

hexokinases, glycerokinases, Hsp70 proteins [1-4]. Based on the first atomic structure 

of actin monomer resolved at an effectively high resolution the actin molecule consists 

of two main domains termed as large and small domain [5]. The main domains can be 

further divided into subdomains; the large domain is composed of subdomains 3 and 4, 

while the small domain is built up from subdomains 1 and 2 (Figure 1/B). The contact 

between the two main domains is restricted to the loop centred at Lys336 and a linker 

helix Gln137-Ser145 resulting in a formation of two clefts on the opposite sites of the 

actin molecule. The cleft open toward the pointed end of the monomer is called the 

nucleotide-binding cleft because it binds the nucleotide (ATP or ADP) and the 

associated divalent cation (Mg2+ in cells). The other cleft located on the barbed end of 

the actin monomer consists of hydrophobic residues and considered as the primary 

binding site for the actin monomer binding proteins [6]. 

The actin monomers under appropriate conditions can bind to each other in a 

head to tail manner forming a double-stranded helix that is termed F-actin (Figure 1/A) 

[7]. The F-actin has structural polarity due to the asymmetric nature of the actin 
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monomers.Based on the electron micrograph of actin filaments decorated with myosin 

one of the ends of the filament is called barbed and the other is termed pointed end [8].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I.1.1. Actin polymerisation  

I.1.1.1 Steps of actin polymerisation 

 

The transformation of the globular form of actin (G-actin or actin monomer) 

into filamentous (F-actin or actin filament) form is a spontaneous process that can occur 

without the assistance of any actin-binding effectors. The polymerisation of actin in 

vitro can be initiated by elevating the salt concentration of the solution to the 

physiological level (2 mM MgCl2 and 100 mM KCl) [9]. The polymerisation process 

   

 

Figure 1.) A.) Double-stranded helix of actin filament. The two strands of the actin filament are 

distinguished with different blue colours. B.) Crystal structure of the actin monomer in cartoon 

representation (PDB code: 1J6Z). The large and the small domain of actin are represented in green 

and blue, respectively. The subdomains are numbered and distinguished by different colours. Based 

on the orientation of the actin monomer within the actin filament the subdomain 1 and 3 end is called 

the barbed end, while the subdomain 2 and 4 end is termed the pointed end of the actin monomer 

ADP and Ca2+ are shown as red and pink spheres, respectively.   
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starts with the formation of actin nuclei consisting of 2-4 actin monomers. The 

nucleation step of the actin polymerisation is an unfavourable process from a 

thermodynamic point of view due to the unstable nature of the actin dimers and trimers 

[10]. However when the actin seeds are formed, the actin nuclei start to elongate with 

different kinetics at the two ends of the filament. The barbed end of the filament grows 

fast (fast-growing end or + end), while the pointed end elongates slowly (slow-growing 

end or - end). The rate of the elongation of each end of the filament depends on the 

concentration of actin monomers (Cfree) available in the solution and the rate constants 

for the association (kon) and dissociation (koff) of the actin subunits at the filament ends. 

It was measured by using electron microscopy that the association and dissociation rate 

constants of ATP-loaded actin monomers at the barbed end are 11.6 μM-1s-1 and 1.4 s-1, 

respectively resulting in a dissociation equilibrium constant (Kd) of 0.12 μM for the 

actin monomer at the barbed end [11]. The elongation of the barbed end of the filament 

can progress until the concentration of free ATP-loaded actin monomers above this 

dissociation equilibrium constant, therefore this concentration of free actin monomers is 

termed the critical concentration of the barbed end (CcB) elongation.  

The dissociation rate constant of the ATP-loaded actin subunits  from the 

pointed end is 0.8 s-1 similar to the value observed at the barbed end (1.4 s-1), whereas 

the association rate constant is 1.3 μM-1s-1 around 10 times lower than at the barbed end 

(11.6 μM-1s-1) [11]. These rate constants give a Kd of 0.62 µM between the ATP-loaded 

actin monomer and the pointed end of the filament. Similar to the barbed end this 

equilibrium dissociation constant determines the critical concentration of free actin 

monomers (CcP) above the growing of the pointed end of actin filament can take place. 

Considering the rate constants obtained for each end of the actin filament the elongation 

rate is around one order of magnitude higher at the barbed end (fast-growing) than at 

the pointed end (slow-growing) of the filament. This difference in the rate of elongation 

between the barbed end and pointed end was demonstrated by direct visualisation of 

growing actin filaments in TIRF microscopy assays [12].  

The elongations of actin filaments proceed until a dynamic equilibrium is 

established between the actin monomers and filaments. The dynamic equilibrium 

between monomers and filaments maintains a continuous presence of around 0.14 µM 

free actin monomer in the solution. This steady-state concentration (CSS) of free actin 

monomers is slightly above the critical concentration of the barbed end (CcB=0.12 μM) 

and well below the critical concentration of the pointed end (CcB=0.62 μM), therefore 
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the actin monomers predominantly incorporate at the barbed end and dissociate at 

pointed end of the filament in steady-state. This continuous flux of actin subunits from 

the pointed end to the barbed end is called the treadmilling (or turnover) of the actin 

filaments [13-15].  

 

 

 

I.1.1.2 Treadmilling of actin filaments  

 

 In spite of in steady-state continuous association and dissociation of actin 

monomers take place at both ends of the actin filaments the average length of the 

filaments do not change. It was demonstrated by using evanescent microscopy that in 

steady-state the rate of elongation of the barbed end of actin filaments was compensated 

with the rate of shrinking of the pointed end of the filaments in the presence of ATP 

[16]. The nature of this unidirectional growing and shrinking of the actin filaments 

 

 

Figure 2.) Steps of the actin polymerisation in the presence of ATP including the nucleation, 

elongation and steady-state phases. Polymerisation starts with the formation of actin dimers (sky 

blue) and trimmers (sky blue) from G-actin (light blue). In the elongation phase both ends of the actin 

filament grow but the + end elongates with a higher rate than the pointed end of the filament. In 

steady-state the + end grows with the same rate as the – end shrinks in the presence of ATP.  
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arises from the structural and biochemical dissimilarity of the two ends of the filament 

[17].  

 During the assembly of actin filaments, the actin monomers bind to each other 

in a head to tail manner resulting in a structural polarity of the two ends of the actin 

filament [7]. Using a single particle analysis of cryo-electron micrographs of actin 

filaments it was revealed that at the pointed end of the actin filament there was an extra 

loop-loop contact between the terminate end penultimate subunits which was missing at 

the barbed end. This extra interaction makes the pointed end of the filament less 

dynamic than the barbed end explaining well the observed differences in the kon and koff 

of ATP-loaded actin monomers at the two ends of the filament (see previous 

paragraphs).  

In addition to the structural difference, the hydrolysis of actin-bound ATP upon 

incorporation into the filament is also necessary to maintain the treadmilling of actin 

filaments [18]. The actin monomer has weak ATPase activity (0.6 h-1) but when its 

associate to the filament the bound ATP is hydrolysed rapidly with a half time of 

around 2 s. The ATP hydrolysis is irreversible process and the product of that is 

ADP+Pi containing actin subunits within the filament. The release of inorganic 

phosphate is delayed it occurs with a half time of around 6 minutes therefore the 

ADP+Pi containing subunits are relatively long-lived intermediates within the filament. 

The consequences of the ATP hydrolysis and phosphate release are the presence of 

freshly incorporated ATP-actin subunits at the barbed end of the filament followed by 

an already hydrolysed ADP+Pi containing segment and the formation of ADP-actin 

regions after phosphate release toward the pointed end of the filament (Figure 3.). The 

ADP-actin subunits have a dissociation equilibrium constant of 1.8 µM to the pointed 

end of the filament that is much higher than the steady-state concentration of actin 

monomers (0.14 µM) therefore finally the ATP hydrolysis enhances the dissociation of 

actin subunits at the pointed end of the filament [19]. It is worth to mention that the 

treadmilling can occur until free ATP is available in the solution because the ADP-

loaded actin monomer has the same affinity to both ends of the filament.  

The bound ADP in the dissociating actin subunit has to be replaced with ATP 

before the next round of incorporation at the barbed end of the filament [20]. The rate-

limiting step of the nucleotide exchange process is the dissociation of ADP from the 

actin monomer that has a dissociation rate constant of around 0.02 s-1 in vitro. In the 
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cells this process can be influenced by different actin-binding proteins such as cofilin, 

thymosin β4 and profilin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The rate-limiting step of the actin filament treadmilling is the dissociation rate 

of ADP-actin subunits (0.2 s-1) at the pointed end of the filaments [11, 22]. Interestingly 

this rate is around two orders of magnitude higher e.g. in lamellipodia of migrating 

cells than the observed rate of treadmilling in vitro in the absence of any auxiliary 

factors [23, 24]. The explanation behind the faster turnover rate of actin filaments in 

cells is the presence of actin-binding proteins, which can modify the kinetics of each 

step of the actin filament polymerisation and treadmilling.  

 

 

 

 

 

 

 

 

Figure 3.) Treadmilling of an actin filament in the presence of ATP [7, 19, 21]. In steady-state the 

actin filament grows with the same rate at the barbed end as it shrinks at the pointed end. The 

incorporation of ATP-loaded actin monomer at the barbed end followed by the hydrolysis of ATP 

and a delayed phosphate release resulting in an ATP and ADP containing regime at the barbed end 

and the pointed end of the filament, respectively. The interior of the actin filament is mainly 

composed of ADP+Pi actin subunits. The dissociating ADP-loaded actin subunit undergoes 

nucleotide exchange before the next round of incorporation. 
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Figure 4.) Groups of actin monomer structures based on the orientation of their domains. A.) 

Twisted and closed conformational group. In the front view the large (green) and small (blue) 

domains close the nucleotide binding cleft. Side view shows that the actin molecule is in a twisted 

conformation (PDB code: 1J6Z). B.) Twisted and open conformational group. In the front view the 

large (green) and small (blue) domains open the nucleotide-binding cleft. In the side view it can be 

seen that the actin molecule is in a twisted conformation (PDB code: 1HLU). C.) Untwisted and 

closed conformational group. In the front view the large (green) and small (blue) domains close the 

nucleotide-binding cleft. In the side view it can be seen that the actin molecule is flat and exhibits an 

untwisted conformation (actin subunit extracted from the actin filament structure PDB code: 2Y83).  

 

 

I.1.2. Conformation, flexibility, and allostery of the actin molecule 

 

The number of resolved actin structures under different conditions and/or in 

complex with actin-binding proteins and drugs increases exponentially providing a 

valuable source for revealing the conformational variability of the actin molecule. 

Comparison of these structures showed that the secondary structure of actin is 

invariable in all cases but the topology of the actin molecule shows global and/or local 

differences depending on the circumstances or the binding partner of the actin molecule 

present in the crystallisation process.   

Based on the orientation of the main domains of actin with respect to each other 

the atomic structures can be classified into three different conformational groups [25].  

The majority of the resolved atomic structures of actin monomers belong to the twisted 

and closed conformational group except the structure of the profilin-β-actin complex 

that has an open and twisted conformation (Figure 4/A and B).  
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Figure 5.) Actin monomer in cartoon representation (PDB code: 1J6Z). The rigid and flexible 

regions are represented in blue and red, respectively. The flexible regions include the C- and N-

terminus of actin, the DNase I binding loop, and three loops on the surface of subdomain 4. 

The third group includes a unique structure of the actin molecule that is closed and 

untwisted (Figure 4/C) and can be observed only in the filamentous form of actin [26].  

The transition of the actin molecule from one conformational state to the other occurs 

through a scissor- and propeller-like motion of the main domains of actin with respect 

to each other. These domain rearrangements have important physiological relevance. 

The scissor-like motion results in the closing and opening of the nucleotide binding 

cleft that is attributed to the nucleotide exchange ability of the actin monomer, while 

the propeller-like motion can twist or flatten the actin molecule that is linked to the  G- 

to F-actin transition [27-29]. 

Comparing 88 atomic structures of the actin monomer revealed that beside the 

global conformational changes related to the motion of the main domains of actin, local 

conformational variability also occurred in several regions of the actin molecule [17]. 

These regions include the major part of subdomain 2, especially the DNase I binding 

loop, the N- and C-terminus of actin, and three loops located on the surface of 

subdomain 4 (Figure 5.).  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

The conformational heterogeneity of the aforementioned regions of the actin 

molecule is attributed to the inherent flexibility of these segments. Wealth body of 

evidence suggest that these flexible parts of the actin molecule play an important role in 

the formation of contacts between the actin subunits within the actin filament and the 

interaction of the actin molecule with actin-binding proteins. By using elastic neutron 



I.1 Properties of the actin molecule 

16  

scattering method it was demonstrated that the global dynamic heterogeneity is higher 

in G-actin than in F-actin. The authors concluded that the observed difference in the 

internal dynamics of the two states of actin is the consequence of the limited motion of 

the flexible regions involved in the interaction of actin protomers in the filamentous 

form of actin. Moreover it was suggested that the flexibility of these parts of the actin 

molecule was important in the recognition mechanism of the contact surfaces between 

actin monomers in the nucleation phase of the actin polymerisation [30]. 

In addition to the characteristic domain motions and conformational 

heterogeneity of the flexible regions another important feature of the actin molecule is 

the allosteric coupling between the subdomains and/or the nucleotide binding cleft. One 

of the most impressive proofs for the allosteric communication between the subdomains 

of actin was demonstrated by the Rubenstein group. They constructed a hybrid yeast 

actin that contained muscle specific residues in subdomain 1. It turned out that the 

presence of the muscle specific residues in subdomain 1 resulted in a muscle-like 

behaviour in subdomain 2 of yeast actin [31].  It was also pointed out that the 

replacement of yeast residues for muscle-specific ones in subdomain 1 slowed down 

the nucleotide exchange process on this muscle-yeast hybrid actin close to the value 

characteristic for the muscle G-actin [32]. Taking into account that the most actin 

monomer associating proteins (e.g. cofilin, profilin) form a contact with the subdomain 

1 it seems reasonable that they have the potential to modify the behaviour of actin (e.g. 

nucleotide exchange, polymerisation ability) through a long-range allosteric effect that 

propagates from the binding site to another part of the actin molecule.  
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I.2. Actin-binding proteins 

 

I.2.1. ADF/cofilin family 

 

I.2.1.1 The history of ADF/cofilin family 

 

 Members of the ADF/cofilin protein family are small (13-19 kDa) actin-binding 

proteins containing one (coactosin, cofilin, GMF) or two copies (e.g. twinfilin) of the 

characteristic ADF/cofilin (AC) domain. They are present in all eukaryotic organisms 

from plants to mammals suggesting their indispensable role in the regulation of the 

actin cytoskeleton system of the living cells [33-36]. The first member of the 

ADF/cofilin family was isolated from embryonic chick brain extract and was named 

actin depolymerising factor (ADF) based on the observation of actin filament 

disassembly in the presence of this protein [33]. The second member of the ADF/cofilin 

family was discovered 4 years later, and appeared in the literature as cofilin according 

to its ability to cosediment with the actin filament [37]. These pioneer observations 

proposed that the members of the ADF/cofilin family can bind to the actin cytoskeleton 

system and can cause its partial depolymerisation of that. 

I.2.1.2 Biochemical function of ADF/cofilin 

 

 All studies agree that the main function of cofilin in the living cells is to 

enhance the actin filament treadmilling in the highly dynamic regions of the actin 

cytoskeleton system (e.g. at the leading edge of the moving cells), but the underlying 

mechanisms are still controversial. Several in vitro studies pointed out that ADF/cofilin 

can facilitate the dissociation of ADP-actin monomers at the pointed end of the filament 

resulting in an increased flux of actin subunits from the pointed to the barbed end [38, 

39]. Taking into account that the rate limiting step of the actin filament treadmilling is 

the off-rate of ADP-actin monomers at the shrinking end, the ADF/cofilin stimulated 

disassembly at the minus end can be a good interpretation for the faster actin filament 

turnover rate observed in the presence of ADF/cofilin. Another possible mechanism has 

been revealed by direct observation of actin filament fragmentation in the presence of 

ADF/cofilin by light and electron microscopy techniques [40-44]. This severing activity 
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of ADF/cofilin generates free barbed ends therefore increases the probability of actin 

subunits to collide with the fast growing filament ends. The third mechanism that can 

contribute to the enhanced actin filament treadmilling is the ability of ADF/cofilin to 

stimulate the release of inorganic phosphate (Pi) from the filament that leads to the 

faster “aging” of the ADF/cofilin decorated actin structures [45]. All the above 

mechanisms enhance the actin filament treadmilling by accelerating the aging of the 

actin filaments or the disassembly of the already aged actin filament meshwork. Beside 

these functions ADF/cofilin has a stimulating effect on the kinetics of actin filament 

assembly presumably via stabilising the actin dimers formed in the nucleation step of 

the actin polymerisation [43, 46, 47].  

 

 

 

 

 

 

Binding of ADF/cofilin to actin 

 

 

 

 

 

I.2.1.3 Binding of ADF/cofilin to actin 

 

The members of the ADF/cofilin family can form 1:1 stoichiometric complex 

with both the G- and F-form of actin. ADF/cofilin prefers to associate with the ADP-

loaded form of the actin monomer and filament which suggests that the ADF/cofilin 

prominently interacts with the “aged” regions of the actin cytoskeleton network [38, 48-

51]. Recently the atomic structure of the actin filament decorated with human cofilin 2 

was reconstructed based on cryoelectron microscopy images [52]. This three-

dimensional reconstruction revealed that the cofilin could form contact with two 

adjacent actin monomers along the long axis of the filament by simultaneously 

interacting with the hydrophobic groove between the subdomains 1 and 3 of the 

“upper” actin subunit and to the subdomain 2 of the “lower” actin subunit (Figure 7/A). 

 
 

 

Figure 6.) Newest model proposed for the versatile function of ADF/cofilin in a concentration-

dependent manner. At low cofilin-actin ratio the ADF/cofilin (salmon) effectively severs the actin 

filaments (blue), but at higher ratio this effect is abolished and the severing function of ADF/cofilin 

turns into an actin filament stabilizing function. At high ADF/cofilin concentration the ADF/cofilin 

can promote the de novo polymerization of actin filaments by stabilising the actin dimers in the 

nucleation step.  
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This binding mode induces a substantial twist in the turn of the actin filament helix, a 

structural change that is thought to be responsible for the observed severing activity of 

ADF/cofilin [53]. In the lack of the atomic structure of the actin monomer in complex 

with ADF/cofilin the precise binding fashion to actin monomer is still elusive. It is 

noteworthy that the studies investigating the binding of cofilin to the actin monomer 

propose both binding fashions mentioned above regarding to the interaction between 

cofilin and actin filament [48, 54-57]. Recently the atomic structure of the C-terminal 

ADF-H domain of twinfilin in complex with actin monomer was resolved [58]. This 

structure favours the interaction of ADF/cofilin with the groove located between the 

subdomains 1 and 3 of the actin monomer (Figure 7/B). This binding fashion resembles 

the interaction of cofilin 2 with the upper actin subunit within the actin filament. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I.2.1.4 Regulation of ADF/cofilin 

 

 ADF/cofilin can be regulated by the phosphorylation of the serine 3 residue 

located in the N-terminus of the protein. The phosphorylation of ADF/cofilin impairs 

 

 

Figure 7.) Atomic structure of ADF/cofilin with actin. A.) Atomic structure of α-skeletal actin  

filament (blue) decorated with cofilin 2 (red) (PDB code: 3J0S). The right side of panel A 

illustrates the binding arrangement of cofilin to two adjacent actin monomers. B.) Atomic 

structure of ADF homology domain of twinfilin (red) with α-skeletal actin monomer (blue) (PDB 

code: 3DAW). The binding resembles to the interaction of cofilin 2 with the upper actin subunit 

in the actin filament. 
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its binding ability to both the G- and F-actin resulting in a loss of function related to the 

actin cytoskeleton system. LIM kinases (LIMK) and testicular kinases (TESK) catalyse 

the phosphorylation of ADF/cofilin leading to the deactivation of ADF/cofilin in the 

living cells [59-61]. Deactivated ADF/cofilin molecules can be reactivated through the 

cleavage of the attached phosphate by Slingshot and chronophin phosphatases [62]. The 

activity of ADF/cofilin can also be controlled by phosphatidylinositol phosphates such 

as PIP2 and PIP3 which can prevent the association of ADF/cofilin to actin filaments 

[63-65]. 

 

I.2.2 Profilin family 

 

I.2.2.1 History of the profilin family 

 

 The profilin is a small (19 kDa) actin-binding protein widely distributed in 

eukaryotic organisms from plants to mammals. The profilin was discovered in 1976 as 

a factor which can prevent the polymerisation of actin [66]. The name of profilin 

originates from the observation that it keeps the actin in the pro-filamentous form (actin 

monomer). It has a remarkably high expression level in the cytoplasm (20-100 μM) 

suggesting an important role of the molecule in maintaining a large reservoir of 

unassembled actin in the cells [67]. 

I.2.2.2 Biochemical function of profilin 

 

 The main function of profilin is to maintain a large pool of polymerisation 

competent actin in the cell cytoplasm. This function can be fulfilled by different actions 

of profilin. Dissociation of ADP-loaded actin monomers at the shrinking end of the 

filament is followed by a subsequent exchange of ADP for ATP before the next cycle 

of incorporation into the growing end of the filament. Profilin can facilitate this 

nucleotide exchange process on ADP-loaded actin resulting in the accumulation of a 

large polymerisation competent actin monomer pool [68, 69]. Profilin impairs the 

formation of the actin nuclei resulting in a slower kinetics for the nucleation step of 

actin filaments [70]. It prevents the addition of actin subunits to the pointed end of the 

filament, while the profilin-actin complex is able to participate in barbed end assembly 

but with a slightly lower rate than actin alone [70, 71]. These effects of profilin drive 
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the ATP-recharged actin subunits toward the fast growing end of the filament. In this 

sense profilin does not behave like a typical actin sequestering protein such as thymosin 

β4, because in the presence of free barbed ends the profilin-actin complex can 

effectively incorporate into the filaments [72]. 

I.2.2.3 Binding of profilin to actin 

 

Profilin can form a 1:1 stoichiometric complex with the actin monomer. The 

profilin prefers to bind to the ATP-loaded actin monomer with a remarkably high 

affinity [69, 73-75]. This strong binding of profilin to the ATP actin monomer enables 

profilin to compete with thymosin β4 for actin monomer binding [76, 77]. This ability 

of profilin is important in actin-based motility processes, because in the cells large 

portion of actin monomer is in complex with thymosin β4 being unable to participate in 

filament elongation, while the profilin-actin complex can productively incorporate into 

actin filaments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

So far several structures of the profilin-actin complex have been determined 

under different circumstances by using different isoforms of actin and profilin [78-82]. 

  

Figure 8.) Atomic structure of bovine profilin in complex with β-actin monomer. A.) Profilin- β-

actin complex in open conformation. Blue and yellow cartoons represent actin and profilin, 

respectively. Subdomains are numbered and ATP is shown as sticks in the centre of the actin 

molecule (PDB code: 1HLU). B.) Profilin- β-actin complex in closed conformation. Actin (blue) and 

profilin (yellow) are in cartoon representation. Subdomains are numbered and ATP is in the centre of 

the actin molecule in sticks representation (PDB code: 2BTF). 
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All these structures are similar in that profilin binds to the hydrophobic groove located 

between subdomains 1 and 3 of actin monomer. In two of these structures the actin 

monomer adopts an open conformation that can be linked to the enhanced nucleotide 

exchange process on actin monomer in the presence of profilin (Figure 8/A). In the rest 

of the structures the nucleotide-binding cleft of actin is in a closed conformation when 

it is in complex with profilin (Figure 8/B). Contrary to the strong interaction with the 

actin monomer, profilin has a weak binding ability to the actin filament [71]. 

 

I.2.2.4 Regulation of profilin 

 

 Profilin can bind phosphatidylinositol phosphates such as PIP2 and PIP3 which 

can prevent its binding to the actin molecule [83, 84]. Profilin has two PIP2 interacting 

surfaces one of that overlaps with the actin binding sites whereas the other one is close 

to the poly-(L-proline) binding surface [85, 86]. The latter PIP2 binding region can play 

a role in the control of the interaction of profilin with actin filament elongation factors 

such as the members of the formin and Ena/VASP families [81, 87-89].  
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II.   Aims of the thesis 

 

The main goal of the work presented in this thesis was to explore the effect of 

actin monomer binding proteins on the conformational state and intrinsic dynamics of 

the actin molecule in the context of actin function. The work was mainly focused on the 

conformation of the nucleotide-binding cleft of actin in the presence of cofilin or 

profilin.  Most of these two actin monomer binding proteins have opposite effect on the 

nucleotide exchange process on actin and presumably on the conformation of the 

nucleotide-binding cleft as well. In addition to get information about the conformation 

of nucleotide-binding cleft we attempted to elucidate the contribution of the 

conformational dynamics of the small domain of actin to the nucleotide exchange 

process. 

 

The following questions were addressed: 

 

1.) How does yeast cofilin or profilin affect the nucleotide exchange on the α-skeletal 

actin monomer? 

 

2.) What type of conformational change is induced in the nucleotide binding cleft of 

ATP-loaded actin monomers due to the binding of yeast cofilin or profilin? 

 

3.) How does yeast cofilin or profilin change the structure and conformational 

dynamics of the small domain of the actin monomer? 

 

4.) What relationship exists between the conformational state of the nucleotide binding 

cleft of actin and the heat stability of the actin monomer?  
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III. Preparative and experimental procedures 

 

III.1 Protein preparation  

 

III.1.1 Preparation of α-skeletal actin 

 

Acetone-dried muscle powder was obtained from rabbit skeletal muscle as was 

described earlier by Feuer et al. [90]. First, ~360-370 g of psoas major muscle and the 

longissimus dorsi muscle of the euthanised rabbit were placed in ~350 ml cold distilled 

water and then the meat was ground two times. The ground flesh was placed in 1 litre 

of buffer-1 (0.15 M KH2PO4, 0.15 M K2HPO4, 0.1 M KCl – pH 6.5) and stirred with a 

glass stick for 15 minutes. After the stirring the fluid phase was filtered through 4 

layers of gauze and the muscle mince was placed in 2 litres of buffer-2 (0.05 M 

NaHCO3 – pH 6.5) and stirred with a glass stick for 10 minutes. This step was followed 

by another filtering with 4 layers of gauze. The residue was then placed in 1 litre of 

buffer-3 (1 mM EDTA, pH 7.0), stirred for 10 minutes and then filtered through 4 

layers of gauze. 2 litres of distilled water was poured on the residue and after 5 minutes 

of stirring it was filtered through 4 layers of gauze. The last step with the distilled water 

wash was repeated. Then, in a ventilated laboratory hood there were overall 5 acetone-

washing steps were carried out, each was taking for 5-10 minutes in 1 litre clean 

acetone by gently stirring the sample at room temperature. Each step was followed by 

filtration through 4 layers of gauze. The muscle powder was then left in the lab-hood 

overnight to dry. Next day the mass of the acetone-dried muscle powder was weighted 

and then was kept at -20 °C. The calcium bound G-actin was prepared from acetone 

powder according to the method of Spudich and Watt with a slight modification 

introduced by Mossakowska et al. [91, 92]. Each gram of acetone-dried muscle powder 

was extracted by stirring in 20 ml G-buffer 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 temperature. 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 G-buffer. After the 

second filtration the filtered liquid was collected in measuring cylinder and was 
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polymerized at room temperature by the addition of 100 mM KCl and 2 mM MgCl2 

After 2 hours of polymerisation 0.6 M solid KCl was measured in the sample which 

was gently stirred and kept at 4 °C for 30 minutes. When the KCl was completely 

dissolved the sample was sedimented at 328.000xg for 40 minutes at 4 °C and the 

pellets were swollen on ice for at least 2 hours in few ml of G-buffer. The swollen 

pellets were gently homogenised and then were dialysed against G-buffer overnight. On 

the following day the actin sample was centrifuged at 328.000xg for 40 minutes at 4 °C 

in order to separate the G-actin from the remaining filamentous actin. The supernatant 

was considered to be solely G-actin.  The absorption of G-actin was measured by a 

Shimadzu UV-2100 spectrophotometer and the concentration of G-actin was calculated 

by using an absorption coefficient of 1.11 mg-1 ml cm-1 and 0.63 mg-1 ml cm-1 at 280 

nm and 290 nm, respectively [93]. A relative molecular mass of 42,300 Da was used 

for G-actin [94]. 

 

III.1.2 Preparation of yeast cofilin 

 

The plasmid construction (pGAT2 – GST-fusion expression vector) containing 

the nucleotide sequence of yeast cofilin (generous gift from Prof. Pekka Lappalainen) 

was transformed into BL21 (DE3) Escherichia coli strain. Next day a single colony of 

bacteria was used for inoculation of 300 ml of Luria Broth medium and kept in a shaker 

on 37 °C overnight. On the following day this small culture of cells was used to make 6 

litre of large culture expressing the GST-fusion yeast cofilin. The cells were grown on 

37 °C until the optical density reached 0.6 at 600 nm and the expression was induced 

by adding 0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). The course of the 

induction was 16 hours, at 20 oC with continuous shaking of the culture. After the 

induction the cells were centrifuged for 25 minutes at 4.000 × g at 4 °C and washed 

with 100 ml of 20 mM Tris-HCl buffer (pH 7.5). The washed cells were dissolved in 60 

ml of phosphate buffer saline (PBS) containing 1 % Triton X-100, 0.2 mM 

phenylmethylsulfonyl-fluoride (PMSF) and lysed by sonication and pelleted for 15 

minutes at 15.000 × g. Glutathione-agarose beads were added to the supernatant in 

order to selectively bind the GST-fusion proteins. The beads were incubated with the 

supernatant for 4 hours at 4 oC and shaked gently continuously. After the incubation the 

beads were pelleted and the supernatant was removed. Then the beads were washed 5 
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times with PBS and incubated (at 4 C, overnight) with thrombin (5units/ml) to cleave 

the yeast cofilin from the beads. On the following day the elution was loaded on a 

Superdex-75 HiLoad gel filtration column equilibrated with 20 mM Tris-HCl (pH 7.5) 

and 50 mM NaCl. The peak fractions were pooled and dialysed against 20 mM Tris-

HCl buffer containing 50 mM NaCl at 4 C overnight. The dialysed sample was 

concentrated to ~ 250 μM by using 10-kDa cut off filter tube. The absorption of the 

yeast cofilin was measured by a Shimadzu UV-2100 spectrophotometer and the 

concentration was calculated at 280 nm by using an absorption coefficient of 1.002 mg-

1 ml cm-1. The purified yeast cofilin sample was divided into small aliquots, frozen in 

liquid nitrogen, and kept at -80 C. The frozen yeast cofilin was used within few 

months and centrifuged prior to all measurements. 

 

III.1.3 Preparation of yeast profilin 

 

The plasmid construction (pHAT2 – His-tagged expression vector) containing 

the sequence of yeast profilin (generous gift from Prof. Pekka Lappalainen) was 

transformed into BL21 (DE3) Escherichia coli strain and plated on Luria Broth 

medium containing 100µg/ml ampicillin on the same day. Next day a single colony of 

bacteria was used for inoculating of 300 ml of Luria Broth medium and kept in a shaker 

on 37 C overnight. On the following day this small culture of cells was used to make 6 

litre of large culture expressing the 6 x His-tagged fusion yeast profilin. The cells were 

grown on 37 C until the optical density reached 0.5 at 600 nm and then the expression 

was induced by adding 0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). The 

time course of the induction was 16 hours, at 20 oC by shaking the culture continuously. 

After the induction the cells were centrifuged for 25 minutes at 4.000 × g at 4 oC and 

washed with 100 ml of 20 mM Tris-HCl buffer (pH 7.5). The cells containing the His-

tagged fusion proteins were resuspended in a buffer containing 50 mM Tris-HCl (pH 

8), 250 mM NaCl, 10 mM imidazole, 1 % Triton X-100 and 0.2 mM PMSF. The cells 

were sonicated and centrifuged for 25 minutes at 10.000×g, at 4 oC. After the 

centrifugation the supernatant was mixed with Nickel-NTA beads and incubated for 4 

hours in a cold room, with continuous shaking. After the incubation the beads were 

washed five times with buffer containing 50 mM Tris-HCl (pH 8.0), 250 mM NaCl, 

and 20 mM Imidasole to remove the contaminating proteins from the suspension. The 
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elution of the recombinant protein was initiated by adding a buffer containing 50 mM 

Tris-HCl (pH 8.0), 50 mM NaCl, and 250 mM imidasole. The elution was loaded on a 

Superdex-75 HiLoad gel filtration column equilibrated with 20 mM Tris-HCl (pH=7.5) 

and 50 mM NaCl. The peak fractions corresponding to the yeast profilin were collected 

and concentrated in 10-kDa cut-off filter tube to a final concentration of ~400 μM. The 

absorption of the yeast profilin was measured by a Shimadzu UV-2100 

spectrophotometer and the concentration of that was calculated at 280 nm by using an 

absorption coefficient of 1.458 mg-1 ml cm-1. The sample was divided into small 

aliquots, frozen in liquid nitrogen, and kept at -80 C. The frozen yeast profilin was 

used within few months and prior to all measurements it was centrifuged in a Beckman 

ultracentrifuge. 

 

III.2 Protein labelling 

 

III.2.1 Labelling of cysteine 374 of actin with IAEDANS 

 

The labelling of actin monomer with IAEDANS at Cys374 was performed as 

described earlier [95]. The labelling started with the transformation of G-actin into 

filamentous form by supplementing the G-actin solution (50 µM) with MgCl2 and KCl 

in a final concentration of 2 mM and 100 mM, respectively. F-actin (2 mg/ml) was 

incubated with 10-fold molar excess of IAEDANS for 1 h at room temperature. The 

labelling process was terminated by adding MEA to the solution in a final concentration 

of 2 mM. The labelled F-actin was centrifuged at 328.000 x g for 40 min at 4 °C. After 

the centrifugation the supernatant containing the unbound fluorescent dyes was 

discarded, and the pellet was dissolved, homogenised, and dialysed in G-buffer 

overnight. On the following day the labelled-actin was centrifuged and the 

concentration of the supernatant was determined with a Shimadzu UV-2100 

spectrophotometer. The extinction coefficient of 0.63 mg-1 ml cm-1 at 290 nm was used 

for calculating the concentration of actin [93]. The contribution of the light absorption 

of IAEDANS to the absorption of actin at 290 nm was taken into account in the 

calculation. The concentration of IAEDANS was calculated at 336 nm using the 

extinction coefficient of 6.100 M-1 cm-1 [96]. The labelling ratio of five independent 

preparations was between 0.86 and 0.92. 
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III.2.2 Labelling of lysine 61 of actin with FITC 

 

FITC was attached to unlabelled (for fluorescence quenching experiments) or 

IAEDANS-labelled (for FRET experiments) G-actin at the position of Lys-61 

according to Miki et al. [95]. Before the labelling, G-actin was dialysed against a buffer 

containing 4 mM borate (pH 8.5), 0.5 mM ATP, 0.1 mM CaCl2, and 1 mM MEA 

overnight. FITC dissolved in 0.1 M NaOH was added to the G-actin solution in 10-fold 

molar excess. The reaction mixture was stirred gently at room temperature for 3 hours, 

maintaining the pH at 8.5 by the addition of an appropriate volume of 0.1 M NaOH. To 

eliminate the unlabelled actin (FITC-labelled actin monomers have impaired 

polymerisation ability), the solution was polymerized by adding KCl and MgCl2 in a 

final concentration of 100 mM and 2 mM, respectively. After 2 hours incubation at 

room temperature the sample was centrifuged at 328.000 x g for 40 minutes at 4 °C. 

The supernatant was loaded on a Sephadex G-25 gel filtration column in order to 

remove the unbound fluorescent dyes. The labelled-actin was eluted with a buffer 

containing 100 mM KCl, 0.2 mM ATP and 20 mM Tris/HCl (pH 7.6). Front peaks 

were collected and dialysed against a buffer containing 4 mM Tris/HCl (pH 8.0), 100 

mM KCl, 0.2 mM ATP, 0.1 mM CaCl2, 0.5 mM MEA, and 0.005% NaN3 overnight. 

The protein solution was further dialysed against G-buffer overnight. The concentration 

of FITC-labelled actin was calculated from the absorption spectrum of the labelled-

actin by using the extinction coefficient of 0.63 mg-1 ml cm-1 at 290. The contribution 

of light absorption of FITC to the absorption of actin at 290 nm was taken into account 

in the calculation. The concentration of double-labelled (IAEDANS and FITC) actin 

was determined by Bradford protein assay using G-actin as a standard [97]. The 

concentration of FITC was calculated from the absorption spectrum of labelled-actin 

species by using the extinction coefficient of 74.500 M-1 cm-1 at 493 nm [98]. The ratio 

of labelling was between 0.95 and 0.99 in five independent preparations. 

 

III.2.3 Labelling of the nucleotide binding cleft of actin with etheno-ATP  

 

G-actin binding the fluorescent ATP analogue (ε-ATP) was prepared according 

to Carlier et al. [75]. The concentration of G-actin was adjusted to 50 μM in 1.2 ml of 
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ATP-free G-buffer. This actin solution was supplemented with 180 μl ion exchanger 

resin (50 % DOWEX 1x2-400) to remove the unbound ATP present in the sample. The 

mixture of the G-actin and ion exchanger resin was immediately centrifuged (13.200 x 

g at 4˚C for 3 minutes) to avoid the dissociation of the bound ATP. The supernatant 

was mixed again with the same amount of DOWEX-1 to ensure that only a negligible 

fraction of free ATP remains in the solution. The centrifugation step was repeated to 

clarify the G-actin solution from the ion exchanger resin completely. The supernatant 

contained 1:1 molar ratio of Ca-ATP-G-actin complex (50 μM) which was mixed with 

5-fold molar excess of ε-ATP (final concentration 250 μM) and was kept on ice 

overnight. Next day the ε-ATP-labelled actin sample was treated for a short time with 

DOWEX-1 to decrease the amount of free ε-ATP in the solution. The absorption 

spectrum of ε-ATP-labelled actin was recorded with a Shimadzu UV-2100 

spectrophotometer and the concentration of that was calculated by using the extinction 

coefficient of 1.1 ml-1 mg cm-1 and 0.63 ml-1 mg cm-1 at 280 nm and 290 nm, 

respectively. The contribution of ε-ATP to the absorption spectrum of actin was taken 

into account in the calculation. 

 

III.3 Fluorescence spectroscopy assays 

 

III.3.1 Nucleotide exchange experiments on ε-ATP labelled actin 

 

The dissociation rate of the etheno-ATP was investigated by using an Applied 

Photophysics SX.18MV-R Stopped-Flow instrument. Syringe-A contained 2 μM Ca-G-

actin labelled with etheno-ATP and varying concentration of yeast cofilin and profilin. 

Syringe B was filled up with 1 mM ATP dissolved in buffer containing 4mM TRIS (pH 

8.0), 0.2 mM CaCl2, 0.5 mM MEA, 0.005 % NaN3. The nucleotide exchange rate is 

monitored by following the drop of fluorescence intensity of ε-ATP dissociating from 

the actin monomers. The etheno-ATP bound to actin was excited at 320 nm and the 

fluorescence emission was filtered by an FG 385 cut-off filter. The change of the 

fluorescence intensity was recorded for 500 s and the observed rate constant (kobs) was 

determined by fitting a single or double exponential function to each trace.  

 



III. Preparative and experimental procedures 

30  

III.3.2 Fluorescence quenching 

III.3.2.1 Steady-state fluorescence quenching of etheno-ATP  

 

Steady-state fluorescence quenching measurements were carried out on a 

Perkin-Elmer LS50B spectrofluorometer equipped with a thermostated cuvette holder. 

The ε-ATP was dissolved in G-buffer not containing any ATP. The concentration of ε-

ATP was set to 5 μM in all measurements. The fluorescence signal of ε-ATP was 

quenched by adding acrylamide in a final concentration of 0.3 M in 22 steps. The 

excitation wavelength was set at 320 nm and the emission spectra were recorded 

between 320 nm and 600 nm at 20 °C. The ratio of the fluorescence intensity of ε-ATP 

in the absence and presence of the quencher was plotted against the quencher 

concentration (so called Stern-Volmer plot). The Stern-Volmer constant (KSV) 

characterising 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: 

 

                                              
𝐹𝑜

𝐹
= 1 + 𝐾𝑆𝑉[𝑄]                                         (1) 

 

where F0 is the fluorescence intensity of the fluorophore in the absence of the quencher, 

and F is the fluorescence intensity of the fluorescent dye at different quencher 

concentration [Q].  

III.3.2.2 Time-resolved fluorescence quenching of etheno-ATP  

 

Time-resolved fluorescence measurements were performed on an ISS K2 

Multifrequency Cross-Correlation Phase and Modulation spectrofluorometer equipped 

with a thermostated cuvette holder. The fluorescence lifetime of 50 μM ε-ATP 

dissolved in G-buffer lacking of ATP was measured upon quenching with acrylamide. 

The concentration of the quencher was raised from 0 to 0.3 M in 6 concentration steps. 

Freshly prepared glycogen solution was used as reference (lifetime=0 ns). The 

excitation wavelength was set to 320 nm and the intensity of the light source (300 W 

Xe arc lamp) was modulated sinusoidally with a double-crystal Pockels cell. The 

fluorescence emission of the sample was filtered with an FG 320 high-pass filter. The 
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phase delay and demodulation ratio of the fluorescence signal coming from the sample 

was measured with respect to the phase delay and demodulation ratio of the glycogen 

solution. The modulation frequency was changed from 2 to 64 MHz in 10 steps. The 

data were analysed by the Vinci (version BETA.1.6) instrument software. The 

fluorescence lifetime of ε-ATP was determined by using nonlinear least-square 

analysis. The goodness of fit was estimated from the value of the reduced χ2. This 

factor was below 2.5 in all data processing. The ratio of the fluorescence lifetime of ε-

ATP in the absence (τ0) and presence (τ) of the quencher molecule was plotted against 

the concentration of the quencher. The Stern-Volmer constant (KSV) was calculated 

from the slope of the straight line fitted to the plotted data: 

 

                                               
𝜏𝑜

𝜏
= 1 + 𝐾𝑆𝑉[𝑄]                                              (2) 

 

III.3.2.3 Time-resolved fluorescence quenching of etheno-ATP labelled actin 

 

The fluorescence lifetime of 20 μM ε-ATP labelled G-actin was quenched with 

acrylamide in the presence and absence of 20 μM cofilin and profilin. The 

instrumentation and the parameters of the experiments were the same as described at 

the time-resolved fluorescence quenching of pure ε-ATP solution. During the data 

analysis the best fit was achieved assuming two discrete lifetime components.  

 

III.3.2.4 Steady-state fluorescence quenching of etheno-ATP-labelled actin 

 

The fluorescence emission of 5 μM ε-ATP-labelled actin was quenched with 

acrylamide in the absence and presence of 15 μM or 20 μM cofilin or profilin, 

respectively. The instrumentation and the parameters of the experiments were the same 

as described at the steady-state fluorescence quenching of pure ε-ATP solution. The 

data analysis required special considerations, because the Stern-Volmer plot deviated 

from the straight line. It was supposed that both static and dynamic quenching 

processes contribute to the decrease of the fluorescence signal. In this special case the 

following equation can be used to fit to the result of the Stern-Volmer plot: 
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𝐹𝑜

𝐹
= (1 + 𝐾𝑆𝑉_𝑆[𝑄])(1 + 𝐾𝑆𝑉_𝐷[𝑄])                        (3) 

 

where KSV_S and KSV_D are the static and dynamic Stern-Volmer constant of the 

fluorophore, respectively. In a more complicated situation when both quenching 

processes are responsible for the decrease of the fluorescence signal and there are more 

than one fluorophore population with different accessibility for the quencher the 

modified form of the Stern-Volmer equation is necessary to be applied: 

 

                            
Fo

F
= (∑

αi

(1+KSV_Si
[Q])(1+KSV_Di

[Q])

n
i=1 )

−1

                          (4) 

 

where KSV_Si and KSV_Di are the static and dynamic Stern-Volmer constant of the ith 

fluorophore population represented with the fraction of αi, respectively. The estimation 

of the accessibility of ε-ATP bound to the nucleotide binding cleft of actin was 

approached by using the latter form of the Stern-Volmer equation. 

 

III.3.2.5 Fluorescence quenching of IAEDANS-labelled actin 

 

The local environment of the C-terminus of actin was investigated by quenching 

the fluorescence intensity of IAEDANS attached to cysteine 374 with acrylamide in the 

presence and absence of cofilin and profilin. Fluorescence quenching measurements 

were carried out at a constant temperature of 20 °C. In all experiments the 

concentration of the labelled actin was set to 2 µM in G-buffer and the final 

concentration of cofilin and profilin were adjusted to 10 and 25 µM, respectively. The 

emission spectrum of IAEDANS-labelled actin was recorded in the range of 365 and 

600 nm with an excitation wavelength of 360 nm. The concentration of the acrylamide 

(Q) was increased from 0 to 0.5 M and the integral of the emission spectrum was 

considered as an appropriate value to characterise the fluorescence intensity. The ratio 

of the fluorescence intensity in the absence (F0) and presence (F) of the quencher 

molecule is plotted against the concentration of the quencher. The Stern-Volmer 

constant (KSV) is derived from the slope of the straight line fitted to the experimental 

data according to the Stern-Volmer equation (Equation 1.). 
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III.3.2.6 Fluorescence quenching of FITC-labelled actin 

 

Local environment of lysine 61 (located in subdomain 2) of actin was 

investigated by applying steady-state fluorescence quenching method. The fluorescence 

intensity of FITC attached to lysine 61 was quenched with acrylamide in the presence 

and absence of either cofilin or profilin separately. The measurements were carried out 

at a constant temperature of 20 °C. In all experiments the concentration of the labelled 

actin was set to 2 µM in G-buffer and the final concentration of cofilin and profilin 

were adjusted to 10 and 25 µM, respectively. The emission spectrum of FITC-labelled 

actin was recorded in the range of 500 and 600 nm with an excitation wavelength of 

495 nm. The concentration of the acrylamide (Q) was increased from 0 to 0.5 M. The 

area under the emission spectrum was considered as a measure of the fluorescence 

intensity of the reporter molecule. The ratio of the fluorescence intensity in the absence 

and presence (F) of the quencher molecule was plotted against the concentration of the 

quencher. The Stern-Volmer constant (KSV) was obtained from the slope of the straight 

line fitted to the experimental data according to the Stern-Volmer equation (Equation 

1.). 

 

III.3.3 Fluorescence Anisotropy 

 

III.3.3.1 Steady-state fluorescence anisotropy measurements 

 

Steady-state fluorescence anisotropy was applied to determine the affinity of 

cofilin and profilin to IAEDANS-labelled actin. Fluorescence anisotropy experiments 

were performed on a Perkin-Elmer LS50B spectrofluorometer equipped with a 

thermostated cuvette holder at a constant temperature of 20 °C. The excitation and 

emission wavelength were set at 336 nm and 475 nm, respectively. The setting of 

excitation and emission polarisers in vertical (V) and horizontal (H) positions were 

executed automatically by the instrument software.  Both the excitation and emission 

slits were adjusted to 5 nm. The concentration of G-actin was 2 μM in all 

measurements and the concentration of cofilin and profilin was increased until the 
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saturation level. Fluorescence anisotropy was calculated by using the following 

equation: 

 

                                        𝑟 = (𝐹𝑉𝑉 − 𝐺𝐹𝑉𝐻)/(𝐹𝑉𝑉 + 2𝐺𝐹𝑉𝐻)                                  (5)
 

 

where FVV, FVH, FHV, and FHH are the polarised fluorescence components (the first and 

second subscripts refers to the orientation of the excitation and emission polarisers, 

respectively) and G is the instrument correction factor (also known as geometry factor) 

which can be calculated as follows: 

                                                             𝐺 = 𝐹𝐻𝑉/𝐹𝐻𝐻                                              (6) 

 

The steady-state anisotropy values were plotted against the concentration of cofilin and 

profilin in order to determine the dissociation constant (KD) of the cofilin- and profilin-

actin complex. Based on the work of Pollard et al [48] the following equation was 

applied to calculate the equilibrium dissociation constant of the cofilin- and profilin-

actin complex: 

 

       
𝑟−𝑟𝑚𝑖𝑛

∆𝑟𝑚𝑎𝑥
= ((𝐵𝑡𝑜𝑡 + 𝐴𝑡𝑜𝑡 + 𝐾𝐷) − √(𝐵𝑡𝑜𝑡 + 𝐴𝑡𝑜𝑡 + 𝐾𝐷)2 − 4𝐴𝑡𝑜𝑡𝐵𝑡𝑜𝑡)/2𝑃𝑡𝑜𝑡 ….(7) 

 

where rmin and r is the measured anisotropy value in the absence and presence of actin 

binding proteins. Δrmax is the difference between the anisotropy value measured at the 

saturation level and the anisotropy value obtained for the IAEDANS-labelled actin in 

the absence of actin binding proteins (rmin). Atot and Btot correspond to the concentration 

of actin and either of the actin binding protein (cofilin or profilin), respectively. 

III.3.3.2 Time-resolved fluorescence anisotropy measurements  

 

Time resolved fluorescence anisotropy measurements were carried out by using 

a Horiba Jobin-Yvon Nanolog spectrofluorometer operating in time-resolved single 

photon counting mode. The temperature of the cuvette holder was controlled by a 

HAAKE A25 heated bath circulatory system. The temperature of the sample was 

increased from 5 to 35 °C in steps of 5 °C as like in the temperature-dependent FRET 

assays. The IAEDANS-labelled actin was excited at 321 nm using a solid-state 

NanoLED light source with a pulse width of 1.2 ns at a repetition rate of 1 MHz. The 
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emission wavelength was set to 465 nm and the fluorescence signal was filtered with a 

16 nm width bandpass filter. The emitted photons were collected for 400 ns with 0.11 

ns channel width. The fluorescence emission was collected in parallel (FVV) and 

perpendicular (FVH) polarization in respect to the vertically polarized excitation beam 

for 60 seconds until the peak difference reached at least 5.000 counts. The 

concentration of IAEDANS-labelled actin was 20 µM and theconcentration of cofilin 

and profilin was adjusted to 25 µM and 35 µM, respectively. The FITC-labelled actin 

sample was excited at 455 nm by using a solid-state NanoLED light source with a pulse 

width of 0.8 ns at a repetition rate of 1 MHz. The emission fluorescence was collected 

at the wavelength of 520 nm with 8 nm width of bandpass filter. The fluorescence 

emission was collected for 200 ns in channels with 0.055 ns width. The fluorescence 

emission was recorded in the vertical (FVV) and horizontal (FVH) polarisation plane with 

respect to the vertically polarised excitation beam for 60 seconds until the peak 

difference reached the 10.000 counts. The concentration of FITC-labelled actin was 2 

µM and the concentration of cofilin and profilin was 10 µM and 25 µM, respectively. 

The instrument response function (IRF) in parallel (IRFVV) and perpendicular (IRFVH) 

polarisation setup was recorded by using freshly prepared glycogen solution. 

 

Data analysis 

 

The fitting process was applied separately on the parallel (IVV) and 

perpendicular (IVH) decay curves by using the following equations to recover the 

rotational correlation time of the jth component and the contribution of that (βj) to the 

anisotropy decay process: 

 

𝐼𝑉𝐻(𝑡) = 𝐺 ∫ 𝐼𝑅𝐹𝑉𝐻
𝑡

−∞
(𝑡′)

1

3
∑ 𝛼𝑖

𝑛
𝑖=1 𝑒

−
𝑡−𝑡′

𝜏𝑖 [1 + 2(𝑅𝐼𝑁𝐹 + ∑ 𝛽𝑗𝑒
−

𝑡−𝑡′

𝜃𝑗 )𝑚
𝑗=1 ] 𝑑𝑡′        (8) 

 

𝐼𝑉𝑉(𝑡) = 𝐺 ∫ 𝐼𝑅𝐹𝑉𝑉
𝑡

−∞
(𝑡′)

1

3
∑ 𝛼𝑖

𝑛
𝑖=1 𝑒

−
𝑡−𝑡′

𝜏𝑖 [1 + 2(𝑅𝐼𝑁𝐹 + ∑ 𝛽𝑗𝑒
−

𝑡−𝑡′

𝜃𝑗 )𝑚
𝑗=1 ] 𝑑𝑡′       (9) 

 

where G is the ratio of the sensitivity of the detection system for the vertically and 

horizontally polarised light (geometry factor), RINF is the residual anisotropy, τi and αi 
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are the lifetime and amplitude of the ith fluorescence decay component, respectively. 

The decay curves were analysed by using the Fluofit software that uses nonlinear least 

square minimisation based on the Levenberg-Marquardt algorithm. In the case of the 

IAEDANS-labelled actin the best fit was obtained, when two lifetimes and two 

rotational correlation times were supposed to be present. The anisotropy decay curves 

of the FITC-labelled samples required three lifetime and two rotational correlation time 

components for retrieving acceptable goodness of the fitting.  

 

Determining the half-cone angle of the fluorophore motion with respect to the protein 

surface 

 

The local motion of the fluorophore can be modelled as the stochastic diffusion 

of the emission dipole vector of the fluorophore within a static cone defined by a semi-

angle of θ0 [99]. The semi-angle is related to the degree of spatial restriction of the 

fluorophore’s wobbling due to the local environment. The semi-angle can be calculated 

according to the following equation:  

 

                                                  
𝑟𝐺

𝑟𝑜
= [

1

2
𝑐𝑜𝑠𝜃0(1 + 𝑐𝑜𝑠𝜃𝑜)]

2
                                         (10) 

 

where rG and ro are the fractional amplitude of the global motion of the protein, and the 

time zero anisotropy, respectively.  

 

III.3.4 Fluorescence resonance energy transfer (FRET) experiments 

 

FRET experiments were carried out with a Perkin-Elmer LS50B 

spectrofluorometer equipped with a thermostated cuvette holder. Actin was labelled 

with IAEDANS (donor) in subdomain 1 at Cys374 and with FITC (acceptor) in 

subdomain 2 at Lys61 as described by Miki et al. [95]. The efficiency of the energy 

transfer between the two fluorophores was determined in a temperature dependent 

manner; increasing the temperature of the sample from 5 °C to 35 °C in steps of 5 °C in 

the presence and absence of cofilin or profilin. The excitation wavelength was set at 

360 nm and the emission of the donor was monitored between 420 nm and 475 nm 

where the emission of the acceptor is negligible. Both the excitation and emission slits 
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were set to 5 nm. The obtained intensities of the donor were corrected for the inner 

filter effect by applying the next equation: 

 

                                   𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠𝑎𝑛𝑡𝑖𝑙𝑜𝑔[(𝑂𝐷𝐸𝑋 + 𝑂𝐷𝐸𝑀)/2]                           (11) 

 

where Fcorr is the corrected fluorescence intensity, Fobs is the measured fluorescence 

intensity of donor fluorophore, and ODEX and ODEM are the optical densities of the 

sample at the excitation and emission wavelengths of the donor fluorophore, 

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 according to the following 

equation: 

                                             𝐸 = [1 − (
𝐹𝐷𝐴

𝐹𝐷
∙

𝑐𝐷

𝑐𝐷𝐴
)] /𝛽                                        (12) 

 

where β is the labelling ratio of the acceptor, cDA and cD are the concentrations of the 

donor molecule in the presence and absence of the acceptor, respectively.  

In order to know the precise concentration of the donor (cDA) for the double 

labelled actin after the measurements the samples were incubated with 0.4 mg/ml 

trypsin overnight. Trypsin digests the double-labelled actin into a large fragment (69-

372) and small peptides, which results in the separation of the donor and acceptor 

molecule and finally the abolishment of the energy transfer between the fluorophores. 

Considering that the intensity of the fluorophore is directly proportional to the 

concentration, the cDA can be determined precisely in the double labelled actin by 

measuring the intensity of the donor after the digestion.  

It was shown previously that the energy transfer efficiency (E) normalised by 

the fluorescence intensity (FDA) of the donor in the presence of the acceptor can provide 

information about the flexibility of the protein matrix between the FRET fluorophore 

pair. This normalised energy transfer efficiency is called flexibility parameter (f’) that 

was introduced in 1984 by Somogyi et al [100]. The flexibility parameter can be 

calculated by using the following equation: 

 

                                                        𝑓′ = 𝐸/𝐹𝐷𝐴                                                  (13) 
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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 motion of the protein domains relative to each other. Fluctuations with a 

greater amplitude refers to a more flexible protein structure and results in a higher value 

for the flexibility parameter [101]. In our experiments the flexibility parameter was 

determined from 5 °C to 35 °C at seven equidistant temperature levels (steps of 5 °C). 

Each flexibility parameter was normalised for 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 corresponds to the flexibility of the 

protein structure between the donor and acceptor fluorophores.  

 

III.4 Differential Scanning Calorimetry (DSC) measurements 

 

DSC experiments were carried out with a Setaram Micro DSC III calorimeter. 

Before the measurements actin was dialysed in buffer containing 4 mM MOPS (pH=8), 

0.2 mM ATP, 0.1 mM CaCl2, and 0.5 mM MEA. The heatflow-temperature curve of the 

samples was recorded between 0 °C and 100 °C, under 0.7 atm pressure at a scanning 

rate of 0.3K/min. In all experiments the concentration of actin was set to 23 μM. The 

heat denaturation curve of monomeric actin was recorded in the absence and presence 

of 23 μM yeast cofilin or profilin. The reference vessel contained only buffer in which 

the proteins were dissolved and the weight of that was balanced with the sample vessel 

with the accuracy of 1 mg. The heating of the samples was repeated immediately after 

the first cooling phase in order to check the reversibility of the thermal denaturation of 

proteins. The data obtained from the first heating phase were corrected by subtracting 

the second calorimetric trace. The excess heat flow of the sample with respect to the 

reference vessel was plotted in the function of the temperature and was further analysed 

by using Microcal Origin 6.0 software. The melting temperature (Tm) of the proteins 

and the full width at half maximum (FWHM) were determined by fitting Gaussians on 

the heat transition curves. The enthalpy change (ΔH) was calculated by taking the 

integral of the area under the heatflow-time denaturation curve.
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IV. Results and conclusions 
 

IV.1 Conformation of the nucleotide binding cleft of actin 

 

It is a long-standing question whether there is a link between the kinetics of the 

nucleotide exchange process and the conformation of the nucleotide binding cleft of 

actin. The most accepted evidence supporting this connection relies on the crystal 

structure of profilin-β-actin in a conformation that shows a wide-opening of the 

nucleotide-binding cleft. The function-conformation relationship seems to be obvious, 

because one would expect that the wider nucleotide-binding cleft allows a faster 

nucleotide exchange on actin as it occurs in the presence of most of the profilin 

orthologues. To clarify this interdependence transient kinetics and fluorescence 

quenching assays were employed. 

 

IV.1.1 Nucleotide exchange on actin  

 

The propensity of G-actin to polymerise into F-actin depends on the nucleotide 

state of the actin monomer. The assembly of actin filaments strongly favours ATP-

loaded actin over the ADP-loaded form [102]. Therefore, dissociation of ADP-bound 

actin monomers at the pointed end of the filament must be followed by the replacement 

of ADP by ATP before the next round of incorporation at the barbed end of the 

filament. This step of the actin turnover can be influenced by different actin monomer 

binding proteins such as ADF/cofilin, profilin, twinfilin, and thymosin β4 [103-105]. 

Members of the profilin family can promote the nucleotide exchange on G-actin. This 

function seems to be conserved among profilin orthologues, except for plant profilin 

that has no significant effect on this step of the actin turnover [48, 75, 106]. In general  

ADF/cofilin from different species reduce the rate of nucleotide exchange on actin, 

except for the recently described Plasmodium malariae ADF2 and Plasmodium 

falciparium ADF1 which stimulate the nucleotide exchange on actin [36, 107-109]. 

 The impact of yeast cofilin and profilin on the nucleotide exchange of α-skeletal 

actin monomers was investigated in fluorescence kinetics experiments. The nucleotide 

exchange experiments were carried out with a stopped-flow apparatus used to study fast 



IV.1.1 Nucleotide exchange on actin 

 

40 

 

chemical reactions. Actin was labelled with a fluorescent ATP analogue (ε-ATP) and 

the replacement of that with non-fluorescent ATP was initiated by mixing the sample 

with a great excess of ATP (1 mM). The fluorescence intensity of the actin-bound form 

of ε-ATP is higher than that of the non-bound form, therefore the nucleotide exchange 

process can be followed by measuring the drop in the fluorescence signal of 

dissociating ε-ATP as a function of time [110].  

Mixing 1 µM ε-ATP labelled actin with 1 mM ATP resulted in an exponential 

decrease in the fluorescence intensity of ε-ATP. The process of the exchange of ε-ATP 

with ATP terminated within 500 s and by fitting a single exponential on the curve 0.012 

s-1 was obtained as an observed rate constant [111]. This value is in good agreement 

with previous results obtained for the kinetics of nucleotide exchange on actin under 

similar conditions [112]. 

When the concentration of yeast cofilin was increased in the solution the change 

in the fluorescence intensity slowed down (Figure 9/A). The observed rate constant 

decreased from 0.012 s-1 to 0.002 s-1 when 3 µM cofilin was applied (Appendix Table 

1.). The observed rate constant was obtained by fitting a single exponential on each 

trace. The decrease in the observed rate constant implies that yeast cofilin can 

effectively slow down the nucleotide exchange on α-skeletal actin in line with the 

results of previous studies using different isoforms of actin and cofilin [48]. Besides the 

decrease in the observed rate constant the fluorescence intensity of the exchange curves 

reached the plateau at a higher intensity level indicating the complete blocking of 

nucleotide exchange process on a large portion of actin. 

Contrary to cofilin, yeast profilin effectively stimulated the nucleotide exchange 

on actin (Figure 9/B) similarly to other members of the profilin family [75, 113-116]. 

The nucleotide exchange curves obtained in the presence of profilin could be analysed 

by fitting a double-exponential function. The double-exponential fitting yielded two 

rate constants; one is similar to the value obtained for actin alone and nearly 

independent from the concentration of profilin, while another one is strongly dependent 

on the amount of profilin used in the experiment (Appendix Table 1.). The latter 

component increased from 0.012 s-1 to 0.75 s-1 as the concentration of yeast profilin was 

elevated from 0 to 1 µM in the reaction mixture. The possible reason why in the case of 

yeast profilin the nucleotide exchange curves has to be fitted with a double-exponential 
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function is the slow dissociation rate of profilin from actin compared to the rate of 

nucleotide exchange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The slow dissociation rate results in a clearly distinguishable population of actin in the 

nucleotide exchange process (actin alone and profilin-actin complex). In an earlier 

study a similar observation was made with profilin purified from bovine spleen [75]. In 

the case of yeast cofilin the double-exponential nature of the nucleotide exchange curve 

does not appear because the condition for the rapid equilibrium between the actin 

monomers and cofilin is satisfied [49]. 

 

 

  

Figure 9.) Nucleotide exchange curves in the presence of cofilin or profilin. A.) Change in the 

fluorescence intensity of 1 µM ε-ATP-actin upon the mixing with 1 mM ATP in the absence (black 

line) and presence of 0.5 µM (dark grey line), 1 µM (grey line), and 3 µM (light grey line) yeast 

cofilin. The observed rate constant was obtained by fitting a single exponential function on each trace 

(green line). B.) Change in the fluorescence intensity of 1 µM ε-ATP-actin upon the mixing with 1 

mM ATP in the absence (black line) and presence of 0.25 µM (dark grey line), 0.5 µM (grey line), 

and 1 µM (light grey line) yeast profilin. The observed rate constants were obtained by fitting a 

double exponential function on each curve (red line). 
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Conclusions: 

The investigated proteins have opposite effect on the nucleotide exchange process. 

Cofilin slows down the kinetics of the nucleotide exchange on actin, while profilin 

facilitates it.  
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IV.1.2 Accessibility of ε-ATP located in the nucleotide-binding cleft 

 

It has been demonstrated in this thesis and in many previous reports that the 

majority of actin monomer binding proteins can modify the rate of nucleotide exchange 

on G-actin [69, 75, 103, 113, 117, 118]. One possible explanation behind this effect is 

the rotation of the two main domains of actin relative to each other resulting in the 

closing or opening of the nucleotide-binding cleft. This concept was based on the 

comparison of the atomic structures of actin in complex with different actin-binding 

proteins. Aligning these atomic structures showed that the widening of the nucleotide 

binding cleft vary on a broad range. For instance in the structure of the profilin-β-actin 

complex (Figure 10/B) the actin molecule is in a twisted conformation resulting in a 

wide opening of the nucleotide binding cleft, while in the atomic structure of ADF-

homology domain in complex with actin (Figure 10/A) the large domains partially 

close the nucleotide binding cleft [78] [58].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although these atomic structures are seemingly consistent with the results of the 

nucleotide exchange experiments (profilin enhances, cofilin impairs nucleotide 

exchange), the condition used in the crystallization process is different from the 

physiological environment of the proteins and in addition in crystalline form additional 

                  

Figure 10.) A.) Atomic structure of twinfilin ADF-homolog domain with actin monomer (PDB code: 

3DAW). The secondary structure elements of actin and the ADF homology domain of twinfilin are in 

a blue and purple cartoon representation, respectively. B.) Atomic structure of profilin with actin 

monomer (PDB code:1HLU)). The secondary structure elements of actin and profilin are in a blue and 

yellow cartoon representation, respectively.  
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forces appear in the crystal that can change the structure of the proteins [119]. In order 

to explore the conformational state of the nucleotide binding cleft of actin in the 

presence of actin-binding proteins, under physiological conditions, a series of 

fluorescence quenching assays were employed. Cofilin and profilin were good 

candidates to validate the assay, because they have opposite effects on the nucleotide 

exchange rate and presumably on the conformation of the nucleotide binding cleft as 

well. In the experiments actin was labelled with ε-ATP at the nucleotide binding site 

and the fluorescence signal of ε-ATP was quenched by acrylamide in the absence and 

presence of cofilin or profilin. The accessibility of the fluorescence ATP analogue to 

the quencher molecule was characterised by the Stern-Volmer constant.  

IV.1.2.1 Steady-state fluorescence quenching of ε-ATP labelled actin 

 

Steady-state fluorescence quenching experiments were carried out using 5 μM ε-ATP 

labelled actin. Before the measurements a short ion exchanger resin treatment was 

applied on the sample to remove the majority of the unbound fluorophore from the 

sample. This treatment leaves around 5-15 μM unbound ε-ATP in the sample, that is 

necessary to avoid the rapid denaturation of G-actin in the absence of free nucleotide 

[120]. The fluorescence signal of 5 μM ε-ATP labelled G-actin was quenched 

effectively by increasing the acrylamide concentration from 0 to 0.3 M (Figure 11/A).  

The classical Stern-Volmer plot resulted in a downward curvature that can 

indicate the coexistence of different fluorophore populations with respect to the 

accessibility for the quencher and/or different quenching processes (dynamic or static) 

                                                                                                  

 Figure 11.) Steady-state fluorescence quenching of 5 μM ε-ATP labelled G-actin. A.) Fluorescence 

emission spectra of 5 µM ε-ATP labelled G-actin at different concentrations of acrylamide. B.) 

Classical Stern-Volmer plot of the fluorescence intensity of 5 µM ε-ATP labelled G-actin as a 

function of quencher concentration. The dotted line represents a linear fit on the first three data 

points. 
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Figure 12.) Steady-state fluorescence quenching of 5 μM ε-ATP solution. A.) Fluorescence emission 

spectra of ε-ATP at different concentrations of acrylamide. B.) Classical Stern-Volmer plot of the 

fluorescence intensity of ε-ATP as a function of the quencher concentration. Error bars represent 

standard deviation (n=3). Straight line (blue) is obtained by fitting Equation 1. to the plotted values.  
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present in the sample (Figure 11/B). In this type of complex quenching process a 

modified form of the Stern-Volmer equation is necessary to be applied in order to 

derive the Stern-Volmer constants (Equation 4.). This equation includes the dynamic 

(KSV_D) and static components (KSV_S) of different fluorophore populations and their 

fractional contribution (α) to the quenching process. It was assumed that at least two 

different fluorophore populations existed with respect to the accessibility for the 

quencher; one that is the free and another one is the ε-ATP located in the nucleotide 

binding cleft of actin. In the preliminary experiments the free ε-ATP was characterised 

in parallel steady-state and time-resolved measurements, and the values obtained from 

these assays were considered as fixed components in the modified Stern-Volmer 

equation (Equation 4.) applied on the complex situation.  

IV.1.2.2 Steady-state fluorescence quenching of free ε-ATP 

 

In steady-state fluorescence quenching assays, the fluorescence emission of 5 

μM ε-ATP was quenched by titrating the solution with a neutral quencher (acrylamide) 

up to a final concentration of 0.3 M (Figure 12/A). The ratio of the fluorescence 

emission of ε-ATP in the absence and presence of the quencher was plotted against the 

concentration of the quencher molecule (Figure 12/B).  

 

 

 

 

 

 

 

 

 

 

 

The Stern-Volmer constant (KSV) was derived from the slope of the straight line 

obtained by the classical Stern-Volmer plot (Equation 1.). This value was 

53.6 ± 3.19 M-1 that significantly does not differ from the value (57.81 M-1) reported in 

an earlier study [121].  
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IV.1.2.3 Time-resolved fluorescence quenching of free ε-ATP 

 

The accessibility of the free fluorophore was also tested by applying time-

resolved fluorescence quenching measurements. The fluorescence lifetime of 50 μM ε-

ATP was measured at 6 different acrylamide concentrations. In the absence of the 

quencher the lifetime of the ε-ATP was 24.52 ± 0.01 ns and declined to 1.41 ± 0.03 ns 

by adding acrylamide in a final concentration of 0.3 M (Figure 13/A). The ratio of the 

lifetime of ε-ATP in the absence and presence of the quencher was plotted against the 

concentration of the acrylamide (Figure 13/B). The Stern-Volmer constant was 

determined from the slope of the fitted line (Equation 2.). The KSV value was 

54.05 ± 1.2 M-1 that is in good agreement with the value (53.6 M-1) obtained from the 

steady-state measurements. Comparing the results of the steady-state and time-resolved 

quenching of free ε-ATP it can be concluded that the free ε-ATP is solely quenched 

through a dynamic quenching process (the fluorescence intensity and lifetime of ε-ATP 

decreased by the same extent). In the light of this result, the static (KSV_S_free ε-ATP) and 

dynamic (KSV_D_free ε-ATP) quenching components of the free ε-ATP were considered to 

be 0 M-1 and 54.05 M-1, respectively.  

IV.1.2.4 Time-resolved fluorescence quenching of ε-ATP labelled actin 

 

Time-resolved fluorescence quenching experiments were performed on 20-30 

μM ε-ATP-labelled G-actin in order to clarify the quenching mechanism (static or 

dynamic) responsible for the quenching of actin bound ε-ATP can be quenched. In the 

  

Figure 13.) Time-resolved fluorescence quenching of 50 μM ε-ATP. A.) Lifetime of 50 µM ε-ATP 

at different concentrations of acrylamide. B.) Classical Stern-Volmer plot of the fluorescence 

lifetime of 50 µM ε-ATP as a function of the quencher concentration. The black open circles show 

the values obtained from the experimental data. Error bars represent standard deviation (n=3). 

Straight line (blue) is obtained by fitting Equation 2. to the plotted values.  
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absence of the quencher molecule two distinct lifetime components were identified with 

a lifetime of 34.1 ± 4.5 ns and 25.4 ± 0.1 ns. The shorter lifetime was attributed to the 

unbound fluorophore, because the shorter component was almost identical with the 

lifetime of the free ε-ATP (24.52 ns) measured in the absence of actin-binding protein. 

The difference between the lifetime of the free and bound ε-ATP is probably the result 

of the shielding of the bound fluorophore by the nucleotide-binding cleft that can 

reduce the contribution of the non-radiating processes to the deexcitation of 

fluorophores and therefore increase the lifetime of the fluorescent dye. As the 

concentration of the quencher was increased from 0 to 0.3 M in the solution the value 

of the shorter lifetime component dropped to 1.55 ± 0.05 ns (Figure 14/A). The slope of 

the straight line of the classical Stern-Volmer plot (Figure 14/B) revealed a value of 

49.2 ± 4.28 M-1 for the Stern-Volmer constant that is very close to the value obtained 

for the free ε-ATP in separate time-resolved experiments (54.05 M-1). This result 

further confirms that the fluorescence component with a short lifetime belongs to the 

unbound fluorophore. The longer component was assumed to be the lifetime of the 

bound ε-ATP.  

 

 

 

 

 

 

 

 

 

 

 

 

In contrast to the shorter lifetime, the value of the longer component did not 

change significantly as the quencher concentration was raised from 0 to 0.3 M. This 

finding is in a good agreement with an earlier observation that the ε-ATP bound to actin 

is insensitive for collisional quenching [122]. Based on this result the fluorescence 

intensity of bound ε-ATP can be quenched solely in a static quenching process, thus the 

  

Figure 14.) Time-resolved fluorescence quenching of 20 μM ε-ATP labelled G-actin. A.) The upper 

and the lower panel show the change in the lifetime of the longer (τ2) and shorter (τ1) lifetime 

components as, respectively as a function of the quencher concentration. B.) Classical Stern-Volmer 

plot of the fluorescence lifetime of the shorter lifetime component (τ1). The black open circles show 

the values obtained from the experimental data. Error bars represent standard deviation (n=3). 

Straight line (blue) was obtained by fitting Equation 2. to the plotted values.  
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dynamic quenching component (KSV_D_bound ε-ATP) of the actin-bound fluorophore is 

considered to be 0 M-1. 

IV.1.2.5 Time-resolved fluorescence quenching of ε-ATP labelled actin in the presence 

of actin-binding proteins 

 

Time-resolved fluorescence quenching assays were employed in order to test 

whether the binding of cofilin or profilin to the actin monomer can change the static 

nature of the quenching process observed in the case of the actin-bound ε-ATP. In the 

case of cofilin the measurements were carried out on 20 µM ε-ATP labelled G-actin in 

the presence of 20 µM yeast cofilin. Taking into account that the dissociation constant 

of yeast cofilin from α-skeletal G-actin is 0.59 µM at this stoichiometry around 98 % of 

the actin monomers were in complex with cofilin. The two lifetime components 

observed in the absence of the quencher molecule were similar to the pure ε-ATP 

labelled G-actin solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The shorter lifetime component was 25.82 ± 0.85 ns that almost identical with 

the lifetime of free ε-ATP (24.52 ± 0.01 ns). Upon increasing the quencher 

concentration to 0.3 M the shorter component decreased to 1.52 ± 0.85 ns (Figure 

15/A). The Stern-Volmer plot of the shorter lifetime component resulted in a straight 

line (Figure 15/B) with a slope of 48.02 ± 8.35 M-1. This value is similar to the value 

  

Figure 15.) Time-resolved fluorescence quenching of 20 μM ε-ATP labelled G-actin in the 

presence of 20 μM yeast cofilin. A.) The upper and the lower panel show the change in the lifetime 

of the longer (τ2) and shorter (τ1) lifetime components as a function of the quencher concentration, 

respectively. B.) Classical Stern-Volmer plot of the fluorescence lifetime of the shorter component 

as a function of the quencher concentration. The black open circles show the values obtained from 

the experimental data. Error bars represent the standard deviation (n=3). Straight line (blue) is 

obtained by fitting Equation 2. to the plotted values.  
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obtained for the Stern-Volmer constant of free ε-ATP (49.2 M-1) in the case of G-actin 

alone.  

The longer component was 30.4 ns in line with actin alone (34.1 ns), and did not 

change significantly when the concentration of acrylamide was increased to a final 

concentration of 0.3 M. These results imply that the binding of cofilin to actin does not 

modify the lifetime of ε-ATP located in the nucleotide binding cleft and it can be also 

concluded that it is quenched through the static quenching mechanism. 

In the case of the profilin-actin complex the fluorescence lifetimes of 20 µM ε-

ATP labelled G-actin was quenched in the presence of 20 µM yeast profilin. The 

dissociation constant of yeast profilin to α-skeletal G-actin is 2.9 µM, therefore in the 

lifetime quenching measurements 70 % of actin was in complex with profilin. Because 

significant amount of monomer (~30 %) was not in complex with profilin in the assays, 

it was expected that three distinct lifetime components could be identified if profilin 

altered the lifetime of the actin-bound ε-ATP. However this was not the case, since just 

two discrete lifetime components were obtained from the measurements suggesting that 

profilin cannot change the lifetime of the actin-bound ε-ATP. The shorter lifetime 

component was 25.7 ± 0.01 ns which dropped to 1.4 ± 0.07 ns upon increasing the 

quencher concentration up to 0.3 M (Figure 16/A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The Stern-Volmer plot of the shorter lifetime values (Figure 16/B) showed a 

linear tendency and the calculated Stern-Volmer constant was 57.8 ± 4.5 M-1. The 

  

Figure 16.) Time-resolved fluorescence quenching of 20 μM ε-ATP labelled G-actin in the presence 

of 20 μM yeast profilin. A.) The upper and the lower panel show the change in the lifetime of the 

longer (τ2) and shorter (τ1) lifetime components as a function of the quencher concentration, 

respectively. B.) Classical Stern-Volmer plot of the fluorescence lifetime of shorter component as a 

function of the quencher concentration. The black open circles show the values obtained from the 

experimental data. Error bars represent standard deviation (n=3). Straight line (blue) was obtained by 

fitting Equation 2. to the plotted values.  
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longer lifetime component was 31.07 ns close to the value obtained for actin alone 

(34.1 ± 4.5 ns), and remained the same for all applied quencher concentration. Based on 

this observation it can be concluded that in the case of the profilin-actin complex the 

fluorescence of bound ε-ATP is quenched solely in a static quenching process.    

 

IV.1.2.6 Determining the Stern-Volmer constant of ε-ATP bound to actin 

 

To sum up the results of the time-resolved measurements it can be claimed that the free 

and the actin-bound ε-ATP are quenched solely through dynamic and static quenching 

processes, respectively. Considering these findings, data obtained from steady-state 

quenching experiments with 5 μM ε-ATP labelled G-actin were analysed by using a 

modified form of the Stern-Volmer equation (Equation 4). In the equation the dynamic 

component (KSV_D_free ε-ATP) and the static component (KSV_S_free ε-ATP) of the free ε-ATP 

was fixed to 54.05 M-1 and 0 M-1, respectively. The actin-bound ε-ATP was quenched 

via static quenching process, thus the dynamic component of the bound ε-ATP 

(KSV_D_bound ε-ATP) was considered to be 0 M-1. The fraction (αfree ε-ATP) of the free ε-ATP 

varied between 60-75 % in three independent ε-ATP labelled actin preparations 

according to the fittings.  

 

 

 

 

 

 

 

 

 

 

 

 

The reason why the fraction of the free ε-ATP varies in different preparations is the 

effectiveness of the application of the ion exchange resin treatment before the 

measurements. In spite of ensuring the same condition for the treatment it removes 

  

Figure 17.) Classical Stern-Volmer plots of the quenching of 5 µM ε-ATP labelled G-actin. Open 

circles show the ratio of the fluorescence intensity of ε-ATP in the absence (F0)  and presence (F) of 

the quencher as a function of the quencher concentration at different fractions of free ε-ATP (black 

circle 74 %, dark grey circle 69 %, grey circle 60 %). Blue lines were obtained by fitting the modified 

Stern-Volmer equation (Equation 4.) to the three experimental data in a global fashion. B.) Variable 

and fixed components used in the fitting of the modified Stern-Volmer equation to the experimental 

data.  
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more or less free ε-ATP from the solution in different preparation. The results of three 

independent measurements were fitted globally resulting in a static quenching 

component (KSV_S_bound ε-ATP) of 0.24 ± 0.05 M-1 for the ε-ATP located in the 

nucleotide-binding cleft of actin (Figure 17/A). This value is two orders of magnitude 

smaller than the KSV of the free ε-ATP (54.05 M-1). This finding is in good agreement 

with the consideration of theoretical studies suggesting a decrease with 2 orders of 

magnitude in the accessibility of fluorophores when they are bound to a protein surface 

[123]. 

 

IV.1.2.7 Determining the Stern-Volmer constant of ε-ATP bound to actin in the 

presence of actin-binding proteins 

 

Steady-state fluorescence quenching assays were carried out with 5 µM ε-ATP 

labelled G-actin in the presence of 15 µM cofilin in order to explore the conformational 

state of the nucleotide binding cleft of actin in complex with cofilin. Considering that  

cofilin has an affinity of 0.59 µM for ATP G-actin 94 % of the actin monomers were 

saturated with cofilin in all measurements [124]. The results of the quenching 

experiments were evaluated in the same way as in the case of actin alone. The fraction 

of free ε-ATP (αfree ε-ATP) was between 28-82 % in three independent preparations. The 

global fitting of the modified Stern-Volmer equation to the three independent 

experimental data yielded a static quenching component (KSV_S_bound ε-ATP) of 

0.034 ± 0.017 M-1 for the ε-ATP bound to actin in the presence of cofilin.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 18.) Classical Stern-Volmer plot of the quenching of 5 µM ε-ATP labelled G-actin in the 

presence of 15 µM yeast cofilin. A.) Open circles show the ratio of the fluorescence intensity of ε-

ATP in the absence (F0) and presence (F) of the quencher as a function of the quencher concentration 

at different fractions of free ε-ATP (black circle 82 %, dark grey circle 76 %, grey circle 28 %). Blue 

lines were obtained by fitting the modified Stern-Volmer equation (Equation 4.) to the three 

experimental data in a global fashion. B.) Simulated experimental curves for actin alone (blue circles) 

and in complex with cofilin (purple circles) by using the following values: KSV_D_free ε-ATP=0 M-1, 

KSV_S_free ε-ATP= 54.05 M-1, KSV_D_bound ε-ATP=0 M-1, αfree ε-ATP=70 %, KSV_S_bound ε-ATP=0.24 M-1 and 

KSV_S_bound ε-ATP=0.034 M-1, in the case of actin and cofilin-actin complex, respectively. 
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This value is one order of magnitude smaller than the value revealed for actin 

alone (0.24 M-1) suggesting a less accessible environment around the fluorophore in the 

cofilin-actin complex (Figure 18/A). 

To highlight the effect of the static quenching component (KSV_S_bound ε-ATP) on 

the downward tendency of the classical Stern-Volmer plot, experimental curves were 

simulated with the values obtained for actin alone and in complex with cofilin assuming 

that 70 % of the ε-ATP is free (αfree ε-ATP). As it was expected the downward curvature 

was more pronounced for the cofilin-actin complex than for actin alone (Figure 18/B).  

In the case of the profilin 5µM ε-ATP labelled actin was quenched in the 

presence of 20 µM profilin. Taking into account that the yeast profilin has an affinity of 

2.9 µM to α-skeletal actin around 85 % of actin was in complex with profilin [125]. 

The modified Stern-Volmer equation was applied in a global fashion on the results of 

three independent measurements (Figure 19/A). The fitting revealed that the fraction of 

the free ε-ATP (αfree ε-ATP) varied between 50-79 % in the three independent 

preparations. The static quenching component (KSV_S_bound ε-ATP) of the ε-ATP located in 

the nucleotide binding cleft was 3.5 ± 1.5 M-1 in the presence of profilin. This value is 

one order of magnitude greater than the value calculated for actin alone (0.24 M-1) 

indicating a more accessible protein matrix around the fluorophore in the profilin-actin 

complex.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 19.) Classical Stern-Volmer plot of the quenching of 5 µM ε-ATP labelled G-actin in the 

presence of 20 µM yeast profilin. A.) Open circles show the ratio of the fluorescence intensity of ε-

ATP in the absence (F0) and presence (F) of the quencher in the function of the quencher 

concentration at different fraction of free ε-ATP (black circle 79 %, dark grey circle 63 %, grey circle 

50 %). Blue lines were obtained by fitting the modified Stern-Volmer equation (Equation 4.) to the 

three experimental data in a global fashion. B.) Simulated experimental curves for actin alone (blue 

circles) and in complex with profilin (red circles) by using the following values: KSV_S_free ε-ATP=0 M-1, 

KSV_D_free ε-ATP= 54.05 M-1, KSV_D_bound ε-ATP=0 M-1, αfree ε-ATP=70 %, KSV_S_bound ε-ATP=0.24 M-1 and 

KSV_S_bound ε-ATP=3.5 M-1, in the case of actin and profilin-actin complex, respectively. 
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The effect of the static quenching component (KSV_S_bound ε-ATP) on the 

downward tendency of the classical Stern-Volmer plot was also compared in the case of 

actin alone and in complex with profilin. In the simulation the fraction of the free ε-

ATP (αfree ε-ATP) was fixed at 70 %. As it was expected for the profilin-actin complex 

the deviation from the straight line was less emphasised than for actin alone (Figure 

19/B).  

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions: 

1.) The fluorescence signal of the free and the actin-bound ε-ATP are quenched 

solely in dynamic and static process, respectively. 

2.) The ε-ATP located in the nucleotide-binding cleft of actin is strongly shielded by 

the main domains of actin, because the Stern-Volmer constant characterising the 

accessibility of the actin-bound ε-ATP is two orders of magnitude smaller than the 

accessibility of the free ε-ATP. 

3.) Neither cofilin nor profilin change the local environment of the nucleotide 

because the fluorescence lifetime of ε-ATP is not altered due to the presence of these 

actin-binding proteins.    

4.) Cofilin closes the nucleotide-binding cleft of actin, because the accessibility of ε-

ATP located in the cleft reduced in the presence of it. 

5.) Profilin opens up the nucleotide-binding cleft of actin, because the accessibility 

of the ε-ATP located in the cleft increased dramatically in the presence of it. 
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IV.2 Conformation and dynamics of the small domain of actin 

 

 Comparing the atomic structures of α-actin-DNase I, α-actin-gelsolin-S1, and β-

actin-profilin complex in the open and closed state it was suggested that the subdomain 

2 of actin could rotate autonomously around the central strand (Val35-Arg37) of the β-

sheet located at the boundary between subdomain 1 and 2 [28]. This independent 

motion of the subdomain 2 was suggested by other authors as well [126]. According to 

this scenario during the opening and closing of the nucleotide binding cleft the small 

domain of actin does not behave as an integrated unit [28]. In order to clarify whether 

cofilin- and profilin-caused changes in the conformation of the nucleotide binding cleft 

of actin are the consequences of the separate motion of subdomain 2 with respect to 

subdomain 1 or the integrated rotation of the small domain relative to the large domain, 

fluorescence resonance energy transfer assays were employed. The FRET assays were 

carried out at different temperature that enables one to explore the intrinsic dynamics of 

a protein segment between the fluorescently labelled positions. Prior to the fluorescence 

resonance energy transfer experiments the binding ability of cofilin and profilin to the 

labelled-actin was tested in steady-state fluorescence anisotropy measurements and 

local conformational changes were explored around the labelled positions by using 

fluorescence quenching and anisotropy decay methods.  

 

IV.2.1 Binding of cofilin and profilin to IAEDANS-labelled actin 

 

In the fluorescence resonance energy transfer experiments the donor fluorophore 

(IAEDANS) was attached to the penultimate cysteine (C374) of the actin monomer that 

is thought to be a part of the cofilin and profilin-binding region of the actin monomer 

[58, 79]. To elucidate how the labelling of actin molecule could interfere with the 

binding of cofilin or profilin, fluorescence anisotropy measurements were carried out 

on the donor labelled actin monomer in the presence of actin-binding proteins. The 

concentration of actin monomers was kept at 2 μM and the amount of cofilin (up to 20 

μM) and profilin (up to 64 μM) were varied in the samples. The fluorescence 

anisotropy of IAEDANS-labelled actin was 0.093 ± 0.0048 that is similar to the value 

(0.097) measured by others under similar conditions [127]. Elevating the concentration 
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of cofilin to 20 μM in the sample resulted in an increase in the anisotropy value from 

0.093 ± 0.005 to 1.12 ± 0.004 (Figure 20/A). The change in the fluorescence anisotropy 

followed a hyperbolic function and the fitting of Equation 7. to the experimental data 

revealed a dissociation equilibrium constant (KD) of 0.68 μM-1 for the cofilin-actin 

complex.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This value is in good agreement with the KD (0.59 µM-1) determined for the NBD-

labelled actin-cofilin complex [128]. The titration of the donor-labelled actin monomer 

with profilin up to 64 μM elevated the anisotropy value from 0.093 ± 0.005 to 

0.108 ± 0.002. Similarly to cofilin, the binding of profilin followed a hyperbolic 

function and fitting Equation 7. to the experimental curve resulted in a dissociation 

equilibrium constant of 9.15 μM-1 (Figure 20/B). This value is around 3 times higher 

than the KD obtained for the unmodified α-actin-profilin complex [129]. 

 

IV.2.2 Fluorescence quenching at Cys374 and Lys61 

 

 Fluorescence quenching experiments were employed in order to test whether 

cofilin and profilin can cause local changes in the conformation of the C-terminus 

(Cys374) and the acceptor-labelled (Lys61) region of the actin molecule. The 

  

Figure 20.) Normalized steady-state anisotropy of IAEDANS-labelled G-actin in the presence of 

actin-binding proteins. A.) Normalized fluorescence anisotropy of 2 μM IAEDANS-labelled G-actin 

as the function of yeast cofilin concentration. B.) Normalized fluorescence anisotropy of 2 μM 

IAEDANS-labelled G-actin as the function of yeast profilin concentration. The dissociation constant 

(KD) was obtained by fitting (blue line) Equation 7. to the experimental data. Error bars represent the 

standard deviation of the results of three independent measurements.  
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fluorescence intensity of 2 μM labelled-actin (donor or acceptor) saturated with 

cofilin (10 μM) or profilin (25 μM) was quenched with acrylamide. The 

concentration of the quencher was raised from 0 to 0.5 M in six steps. In all cases the 

classical Stern-Volmer plot showed a linear relationship between the quencher 

concentration (Q) and the ratio of the fluorescence intensity in the absence and 

presence of the quencher (F0/F). The Stern-Volmer constant was determined from 

the slope of the straight line of the experimental data by using Equation 1.  

 The Stern-Volmer constant of the IAEDANS-labelled actin in the absence of 

actin-binding proteins was 4.67 M-1. This value is in good agreement with the value 

reported in an earlier study [130]. Both cofilin and profilin decreased the 

accessibility of IAEDANS for the quencher molecule. The derived Stern-Volmer 

constant for the cofilin- and profilin-actin complex was 3.53 M-1 and 3.21 M-1, 

respectively (Figure 21/A). The  

 The Stern-Volmer constant for the FITC-labelled actin was 0.439 M-1 that is 

one order of magnitude smaller than for the IAEDANS-labelled actin. Upon the 

addition of the appropriate amount of cofilin and profilin the Stern-Volmer constant 

changed to 0.388 M-1 and 0.517 M-1, respectively (Figure 21/B). The slight decrease 

and increase in the Stern-Volmer constant maybe the result of the closing and 

opening of the nucleotide binding cleft of actin in the presence of cofilin or profilin, 

respectively.  

 

 

 

 

  

 

 

 

 

 

 

 

 

  

Figure 21.) Fluorescence quenching of the donor and acceptor fluorophores in the absence and 

presence of actin-binding proteins. A.) The Classical Stern-Volmer plot of the quenching of 2 µM 

IAEDANS-labelled actin in the absence (blue circles) and presence of 10 µM cofilin (green 

triangle) or 25 µM profilin (red square). B.) The Classical Stern-Volmer plot of the quenching of 2 

µM FITC-labelled actin in the absence (blue circles) and presence of 10 µM cofilin (green triangle) 

or 25 µM profilin (red square). Grey lines were obtained by fitting Equation 1. to the experimental 

data. Error bars represent standard deviation of three independent measurements. 
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IV.2.3 Fluorescence resonance energy transfer between Cys374 and Lys61 

 

Fluorescence resonance energy transfer method was applied to explore the 

conformational state and intrinsic dynamics of the small domain of actin in the presence 

of cofilin or profilin. The donor and the acceptor fluorophores were attached to the 

Cys374 (located in subdomain 1) and Lys61 (located in subdomain 2), respectively 

(Figure 22). The energy transfer efficiency between the reporter molecules was 

determined in the temperature range between 5 °C and 35 °C in the steps of 5 °C. The 

intrinsic dynamics of the protein matrix between the labelled positions was 

characterised through the change in the flexibility parameter (f’) as a function of the 

temperature. So far this approach has been successfully applied to reveal differences in 

the conformational dynamics of actin under different circumstances and in the presence 

of different actin-binding proteins [101, 131-136].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22.) A.) Front view of the ADP bound actin monomer in cartoon representation (PDB code: 

1J6Z). The large and small domains of actin can be seen in green and blue, respectively. The donor 

and the acceptor fluorophores were attached to cysteine 374 (purple spheres) and lysine 61 (red 

spheres), respectively. The subdomains are numbered and the ADP is represented as grey stick. B.) 

Side view of the ATP-bound actin monomer in surface representation.  
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Comparing the fluorescence spectrum of IAEDANS- and IAEDANS-FITC-

labelled actin a large decrease was observed in the intensity of the donor (IAEDANS) 

fluorophore in the case of the double-labelled actin species (Figure 23). This dramatic 

drop in the intensity of donor indicates a large energy transfer between the two reporter 

molecules. The energy transfer efficiency was calculated from the area under the 

emission spectrum of the donor between 400 and 475 nm. In this wavelength range the 

fluorescence emission of the acceptor molecule is negligible. The decrease in the 

intensity of donor in the presence of the acceptor corresponded to 66.7 ± 6.7 % energy 

transfer efficiency between the labelled positions at 20 °C. This value is in a good 

agreement with the values obtained by others using the same FRET fluorophore pair on 

actin [95, 101]. Upon the addition of 10 µM cofilin to the double-labelled actin the 

fluorescence intensity of the donor in the presence of the acceptor slightly decreased 

(Figure 23/A). This observation indicates that the cofilin has just a moderate effect on 

the distance between Cys374 and Lys61 of actin. This result is consistent with an 

earlier observation suggesting just a slight modification in the orientation of subdomain 

1 and 2 upon the binding of cofilin to actin [137]. Similarly to the cofilin-actin 

complex, the donor intensity of the double-labelled-actin remained the same as 25 µM 

profilin was added to the solution (Figure 23/B). This result implies that the binding of 

profilin to actin does not change the distance between the donor and the acceptor 

fluorophores.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 23.) A.) Emission spectrum of 2 µM actin monomer labelled with the donor (black line) and 

with both the donor (IAEDANS) and the acceptor (FITC) fluorophore in the presence (green line) and 

absence (grey line) of 10 µM cofilin. B.) Emission spectrum of 2 µM actin monomer labelled with 

the donor (black line) and with both the donor (IAEDANS) and the acceptor (FITC) fluorophore in 

the presence (red line) and absence (grey line) of 25 µM profilin. 
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Although the energy transfer between the labelled positions of actin did not 

change significantly upon the binding of cofilin or profilin, the tendency of the 

flexibility parameter in the function of the temperature was changed by both actin-

binding proteins compared to actin alone. The flexibility parameter was determined at 

each temperature level in the presence of 2 or 10 µM cofilin. The steepness of the 

change in the flexibility parameter as a function of the temperature was higher for actin 

alone than in complex with cofilin (Figure 24/A). This result suggests that the binding 

of cofilin to actin decreases the flexibility of the small domain of actin between the 

labelled positions. As it was expected at higher cofilin concentration the stabilising 

effect of cofilin on the small domain of actin was more pronounced.  

In the case of the profilin-actin complex flexibility parameter changed less 

steeply in the function of the temperature than in the case of actin alone (Figure 24/B). 

The decrease in the steepness was more dramatic when 25 µM profilin was introduced 

into the solution than at 2 µM. In the former case a break was observed in the tendency 

of the flexibility parameter between 30 °C and 35 °C. This change in the tendency of 

the flexibility parameter can be the result of a conformational change induced by 

profilin above 30 °C [100].  

 

 

 

 

 

 

 

 

 

 

 

 

 

The observed reduction in the flexibility of the small domain between the 

labelled position in the presence of either cofilin or profilin can arise from the limited 

  

Figure 24.) Relative change in the flexibility parameter (f’) as a function of the temperature. A.) The 

temperature was changed between 5 and 35 °C in the absence (blue circles) and presence of 2 (purple 

circles) and 10 µM (purple triangle) cofilin. The flexibility parameter (f’) was calculated according 

to the Equation 11. B.) Relative change in the flexibility parameter (f’) as the function of the 

temperature. The temperature was changed between 5 and 35 °C in the absence (blue circles) and 

presence of 2 (red circles) or 25 µM (red triangle) profilin. 

 

 

 

 

presence of 2 (red circles) and 25 µM (red triangle) of profilin. The flexibility parameter (f’) was  

calculated according to Equation 13. 
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motion of the SD2 relative to the SD1 and/or the reduced dynamics of the reporter 

molecules respect to the protein surface. 

IV.2.4 Local dynamics of actin monomer in the vicinity of the fluorescently labelled 

positions  

 

In order to decide whether there is a change in the local dynamics of the 

fluorescent reporter molecules in the presence of cofilin or profilin that can contribute 

to the observed decline in the flexibility of the small domain of actin, fluorescence 

anisotropy decay measurements were implemented. This technique can be used to 

evaluate the hydrodynamic volume of macromolecules and the dynamics and degree of 

spatial confinement of the movement of a fluorophore molecule attached to the 

molecule surface.  

 The anisotropy decay of IAEDANS-labelled actin monomer in the absence and 

presence of actin-binding proteins were recorded from 5 °C to 35 °C. Two rotational 

correlation times were resolved explicitly from the anisotropy decay curves. One of that 

was a slow (θ1) and the other one was a fast (θ2) rotational correlation time, which were 

attributed to the global tumbling of the actin monomer and to the local wobbling of the 

attached fluorophore, respectively (Appendix Table 3-5) . The slow rotational time is 

characteristic for the shape and the size of the investigated entity while the fast 

rotational time is sensitive for the local dynamics of the labelled position of the protein.  

In the absence of actin-binding proteins the slow rotational correlation time 

decreased from 49.29 ± 0.26 ns to 20.0 ± 0.64 ns as the temperature was increased from 

5 °C to 35 °C (Figure 25/A). This result is in good agreement with the findings of earlier 

reports [101, 138]. The decreasing tendency in the rotational correlation time 

characterising the tumbling of the actin monomer seems to be plausible because the 

rotational correlation time is inversely proportional to the absolute temperature [139]. 

The change in the value of θ1 showed the same tendency in the function of the 

temperature when actin was in complex with cofilin or profilin. In the case of cofilin-

actin complex the θ1 changed from 59.04 ± 0.77 ns to 28.87 ± 3.42 ns on the applied 

temperature range (Figure 25/A). When profilin was in complex with actin the θ1 

decreased from 51.79 ± 1.16 ns to 25.51 ± 1.56 ns as the temperature was elevated from 

5 °C to 35 °C (Figure 25/A). The fact that the slow rotational correlation time was 

longer at each temperature level when cofilin or profilin was present in the solution, 
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Figure 25.) Rotational correlation times resolved from the anisotropy decay curves. A.) The rotational 
correlation times of 20 µM IAEDANS-labelled actin in the absence (blue circle) and presence of 25 µM 

cofilin (green triangle) or 35 µM profilin (red square) as a function of temperature. The upper and lower 

panels show the slow (θ1) and fast (θ2) rotational correlation times, respectively.  B.) The rotational 
correlation times of 2 µM FITC-labelled actin in the absence (blue circle) and presence of 10 µM cofilin 

(green triangle) or 25 µM profilin (red square). The upper and lower panels show the slow (θ1) and fast 
(θ2) rotational correlation times, respectively. The rotational correlation times were obtained by fitting 
Equation 8. and 9. to the parallel and perpendicular intensity decay curves simultaneously. Error bars 
represent standard deviation (n=2).

indicates the complex formation between actin and actin-binding proteins on the 

applied temperature range. Therefore this result in line with the steady-state anisotropy 

measurements carried out at 20 °C further confirms that even though the actin molecule 

was labelled at the cofilin- and profilin-binding sites these actin-binding proteins were 

able to associate with the actin monomer.  

The fast correlation time in the absence of actin-binding proteins was reduced 

from 4.83 ± 0.96 ns to 2.06 ± 0.07 ns as a function of the temperature denoting an 

increased dynamics of the C-terminus of actin at higher temperature levels (Figure 

25/A). In the presence of actin-binding proteins the fast rotational correlation time 

changed correspondingly to actin alone in the function of the temperature. The θ2

changed from 4.03 ± 1.63 ns to 1.92 ± 0.73 ns and from 3.22 ± 0.29 ns to 2.17 ± 0.43 ns 

in the presence of cofilin and profilin, respectively (Figure 25/A).  

Based on these results the dynamics of the fluorophore attached to the C-

terminus of actin is not affected by the presence of cofilin and profilin on the applied 

temperature range although both actin-binding proteins form an intimate contact with 

the C-terminus of the actin molecule. Subsequently it can be ruled out that the increased 

rigidity of the small domain of actin in the presence of cofilin and profilin is the 

consequence of the decreased dynamics of the C-terminus of actin.  
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When actin was labelled on Lys61 with FITC, like in the case of the IAEDANS-

labelled actin two rotational correlation times were recovered from the anisotropy 

decay curves.The slow one (θ1) was attributed to the overall rotation of the labelled 

actin molecule, while the fast one (θ2) was ascribed to the local motion of the 

fluorophore (Appendix Table 6-8). 

The slow rotational time in the absence of actin-binding proteins changed from 

32.45 ± 0.81 ns to 17.49 ± 3.08 ns as the temperature was elevated from 5 °C to 35 °C 

(Figure 25/B). In the case of cofilin-actin complex the slow rotational time declined 

from 43.12 ± 3.37 ns to 24.61 ± 1.53 ns, while for the profilin-actin complex it changed 

from 36.5 ± 3.43 ns to 18.91 ± 6.83 ns on the applied temperature range (Figure 25/B). 

As in the case of the IAEDANS-labelled actin the slow rotational time for the cofilin- 

and profilin-actin complex was higher than for actin alone at all temperature levels. 

This observation clearly demonstrates the complex formation between actin and the 

applied actin-binding proteins. On the other hand the obtained slow rotational time 

characterising the overall motion of actin was smaller when it was labelled with FITC 

than in the case of the IAEDANS-labelled actin species. This discrepancy can be 

resolved by taking into account the lifetimes of the reporter molecules. The IAEDANS 

has an average lifetime that is in the range of the slow rotational correlation time of the 

actin monomer while the FITC has an average lifetime (4 ns at 20º) that is much shorter 

than the rotational correlation time of the actin monomer. It was demonstrated earlier 

that the rotational correlation time can be resolved accurately when the rotational 

correlation time is within the range of 0.1 τ < θ < 10 τ where τ is the average lifetime of 

the fluorophore [140]. In the light of this consideration the short lifetime of FITC can 

result in an uncertainty in the estimation of rotational time belonging to the protein 

tumbling. This explanation seems to be reasonable because as the temperature is 

increased and consequently the apparent rotational correlation time is decreased the 

difference between the rotational correlation times obtained for the IAEDANS- and 

FITC-labelled actin is reduced.  

In the absence of actin-binding proteins the fast rotational correlation time 

decreased from 1.48 ± 0.19 ns to 1.24 ± 0.26 ns as the temperature was raised from 5 °C 

to 35 °C (Figure 25/B). In the case of cofilin-actin complex the fast correlation time 

decreased from 1.47 ± 0.05 ns to 1.38 ± 0.13 ns while for the profilin-actin complex 

this value changed from 1.4 ± 0.67 ns to 1.22 ± 0.03 ns (Figure 25/B). In the presence 
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of both actin-binding proteins the fast correlation time changed similarly to the case 

when actin was alone. Therefore it can be deduced that the dynamics of the labelled-

position is not influenced by the presence of actin-binding proteins. This consideration 

excludes that the observed decrease in the flexibility of the small domain of actin in the 

presence of cofilin or profilin is the consequence of the less dynamic protein structure 

of actin in the vicinity of Lys61. 

In addition to the dynamics of the labelled segments the anisotropy decay 

measurements can provide information about the protein structure surrounding the 

reporter molecule as well. In contrast to the free rotation in solution the motional 

freedom of the fluorophores attached to a protein surface is limited by the steric 

hindrance of the surrounding protein matrix. To assess this spatial restriction of the 

rotational diffusion of the reporter molecules the “wobbling in cone” model was 

applied. Originally this approach was used to characterise the spatial restriction of the 

rotational motion of fluorophores embedded in highly ordered structures such as 

membranes [99, 141] and later it was extended to describe also the rotational diffusion 

of a fluorophore attached to the surface of a macromolecule [142]. The degree of spatial 

confinement can be expressed with the semiangle θo that can define the static cone 

within the fluorophore performs its rotational diffusion (see materials and methods). 

The half-cone angle of the wobbling of the fluorophore is related to the fractional 

amplitude of the fast and slow components resolved from the anisotropy decay curves. 

A higher contribution of the fast local motion to the depolarisation of the system 

implies on a smaller spatial restriction for the rotational diffusion of fluorophore with 

respect to the protein surface. 

The half-cone angle for the rotational diffusion of IAEDANS attached to the 

Cys374 of actin in the absence of actin-binding proteins increased from 14.52 ± 0.68 to 

32.02 ± 1.76 as the temperature was raised from 5 °C to 35 °C (Figure 26/A). This 

change is consistent with the findings of an earlier report obtained in frequency domain 

time-resolved measurements [101]. The temperature induced increase in the half-cone 

angle of the wobbling of IAEDANS suggests that the protein structure around the C-

terminus of actin becomes less compact upon heat induction which leads to a larger 

angular freedom for the rotational diffusion of the reporter molecule. The change in the 

half-cone angle of the fluorophore’s wobbling was not influenced significantly by the 

presence of actin-binding proteins. In the case of the cofilin-actin complex the θo 



IV.2 Conformation and dynamics of the small domain of actin 

 

63 

 

  

Figure 26.) Half-cone angles (θo) characterizing the spatial confinement of the motion of the 

attached fluorophores with respect to the protein surface in the function of temperature. A.) 

The change in the half-cone angle of 20 µM IAEDANS-labelled actin in the absence (blue 

circle) and presence of 25 µM cofilin (green triangle) or 35 µM profilin (red square) as a 

function of the temperature. B.) The change in the half-cone angle of 2 µM FITC-labelled 

actin in the absence (blue circle) and presence of 10 µM cofilin (green triangle) or 25 µM 

profilin (red square) as a function of the temperature. The half-cone angles were calculated 

according to Equation 10. Error bars represent standard deviation (n=2).  
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changed from 15.87 ± 1.03 to 33.65 ± 1.56 while in the presence of profilin the θo 

increased from 14.83 ± 1.58 to 28.3 ± 0.93 on the applied temperature range (Figure 

26/A). According to these results neither cofilin nor profilin affect the angular freedom 

of IAEDANS attached to the C-terminus of actin on the applied temperature range. The 

semiangle of the rotational diffusion of FITC located on Lys61 of actin in the absence 

of cofilin and profilin increased from 28.59 ± 1.16 to 34.43 ± 1.28 as the temperature 

was raised from 5 °C to 35 °C (Figure 26/B). Based on this result the degree of 

orientational constrain of the wobbling of FITC decreases in the function of 

temperature that implies the development of a less compact structure around the Lys-61 

as the temperature is elevated. The change in the half-cone angle when actin was in 

complex with either cofilin or profilin was very similar to the case when actin was 

alone. On the applied temperature range the half-cone angle increased from 26.73±2.66 

to 32.06±1.99 and from 27.69±1.94 to 32.68±1.4 in the presence of cofilin and 

profilin, respectively (Figure 26/B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on these results neither cofilin nor profilin have impact on the angular 

freedom of the wobbling of the fluorophore attached to Lys61 at any investigated 

temperature level. According to the anisotropy decay measurements none of the actin-

binding proteins have influence on the dynamics and angular freedom of the reporter 

molecules applied in the FRET assays. The energy transfer and consequently the 
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Conclusions: 

1.) The opening and closing of the nucleotide-binding cleft occur through the 

integrated motion of the main domains, because neither cofilin nor profilin can 

change the orientation of the SD1 and SD2 relative to each other. 

2.) The autonomous motion of the SD2 relative to SD1 is restricted in the presence 

of both actin-binding proteins, because the flexibility of the small domain is 

drastically reduced in the presence of either cofilin or profilin. 

3.) The local dynamics of the reporter molecules do not contribute to the observed 

decrease in the flexibility of the small domain in the presence of actin-binding 

proteins, because neither cofilin nor profilin can change the dynamics and spatial 

degree of the fluorophores’ motion.   

flexibility parameter between the donor and the acceptor molecule strongly depend on 

the orientation of the dipole momentum of the donor and acceptor with respect to each 

other. The relative orientation of the reporter molecules can be expressed by the 

orientation factor κ2 that is considered to be 2/3 if the orientation of the donor and the 

acceptor is randomised during the lifetime of the donor fluorophore. This 

randomisation occurs through the segmental motion of the reporter molecules with 

respect to the protein surface. The anisotropy decay assays revealed that the segmental 

motion of both the donor and the acceptor molecule occur within few ns. Taking into 

account that the donor fluorophore has an average lifetime of 16 ns at the temperature 

of 20 °C the dynamic averaging of the orientation of the dipole moment of the reporter 

molecules are satisfied. The fact that cofilin and profilin cannot change the rotational 

correlation time of the reporter molecules suggests that the observed decrease in the 

flexibility of the small domain of actin in the presence of actin-binding proteins is not 

the consequence of the decreased dynamics of the donor and acceptor fluorophores. 
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IV.3 Heat stability of actin monomer  

 

It was proposed earlier that the heat stability of the actin molecule was strongly 

influenced by the conformation state of the nucleotide-binding cleft and the subdomain 

2 of actin [143, 144]. Differential scanning calorimetry method was applied to gain 

further information about the conformation of nucleotide binding cleft and the small 

domain of actin in the presence of cofilin and profilin. 

In the differential scanning calorimetry assays the samples were heated up from 

0 °C to 100 °C twice to check the irreversibility of the heat denaturation process. The 

heat stability of the proteins was characterised by the melting temperature (Tm) that 

corresponds to the temperature level where the half of the proteins is denatured. 

Additionally, the enthalpy change (ΔH) following the heat denaturation process and the 

full width at half maximum (FWHM) were also calculated. Latter component provides 

information about the cooperativity of the denaturation process. 

The heat denaturation of 23 µM G-actin was irreversible according to the 

differential scanning calorimetric measurements. The melting temperature of actin 

monomer was determined from the first heating trace by fitting a single Gaussian to the 

heat-flow curve (Figure 27/A). The fitting revealed a melting temperature (Tm) of 55.5 

°C that is significantly lower than the values obtained in other studies [145-147]. This 

discrepancy can be resolved by taking into account that the scanning rate was higher in 

the mentioned studies which can shift the melting point of the proteins toward the 

higher temperature level [148]. Beside that in these experiments lower Ca2+ ion 

concentration was applied than in the previous reports that can also influence the 

melting temperature of actin. The enthalpy change (ΔH) following the heat denaturation 

of actin was calculated based on the area under the heat transition curve. The value 

obtained for the enthalpy change was 344.5 kJ/mol. The full width at half maximum 

(FWHM) was 5.9 °C. 

The heat denaturation of 23 µM cofilin was also irreversible as in the case of 

actin. The first melting trace of 23 µM cofilin showed a single heat transition with a 

melting temperature of 48.2 °C and with the full width at half maximum (FWHM) of 

4.7 °C (Figure 27/A). This melting temperature similarly to actin is lower than the 

melting point of cofilin obtained in other reports. This contradiction can also be 
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interpreted by the difference in the scanning rate of the measurements. The enthalpy 

change following the heat denaturation of cofilin was 102 kJ/mol.  

When 23 μM G-actin was mixed with 23 μM cofilin one asymmetric peak 

appeared in the heat transition curve (Figure27/B). Considering that beside the cofilin-

actin complex some free actin and unbound cofilin can also be present in the sample the 

heath transition curve was analysed by fitting multiple Gaussians on that. The best fit 

was achieved when the heat transition curve was decomposed into two Gaussians. The 

peak with the smaller area could be characterized with a melting temperature of 55.5 

°C. It was reasonable to conclude that this peak belonged to the free actin in the sample, 

because the melting temperature was identical with the melting temperature of actin 

measured in the absence of cofilin (55.5 °C). The amount of free actin was around 4 μM 

based on the comparison with the area under the heat transition curve of 23 μM actin 

measured alone. The peak with larger area emerged at 59.2 °C that can be associated 

with the actin-cofilin complex. The shift from 55.5 °C to 59.2 °C in the melting point of 

actin in the presence of cofilin suggested an increased resistance of the actin molecule 

against heat denaturation in agreement with the results of other calorimetric studies 

[145, 147].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was proposed earlier that cofilin in high concentration can initiate the 

nucleation of actin, therefore the samples containing cofilin and actin as well were 

  

Figure 27.) Heat denaturation profile of actin in the absence and presence of cofilin. A.) Heat 

denaturation curve of 23 μM ATP-G-actin (grey dots) and 23 μM yeast cofilin (light grey dots). The 

blue and purple lines represent the Gaussian fit to the heat denaturation curve of actin and cofilin, 

respectively. B.) Heat denaturation curve of 23 μM ATP-G-actin alone (grey dots) and in complex 

with 23 μM yeast cofilin (light grey dots). The blue and red lines represent the Gaussian fit to the 

heat denaturation curve of actin alone and in complex with cofilin, respectively. Heat denaturation 

curve of actin-cofilin complex was decomposed into two Gaussians; blue and yellow lines represent 

G-actin alone and actin-cofilin complex, respectively.   
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centrifuged to exclude the presence of filamentous actin that can be also responsible for 

the observed shift in the melting temperature [43]. The sedimentation assays could 

clearly demonstrate that the polymerisation did not contribute to the change in the 

melting temperature of actin in the presence of cofilin (data not shown). The full width 

at half maximum was 3.3 °C for the cofilin-actin complex that is smaller than the value 

obtained for actin alone (5.9 °C). 

It turned out from the differential scanning calorimetric measurements that the 

heat denaturation process of profilin was irreversible as well. The Gaussian fit on the 

heat transition curve of 23 μM profilin resulted in a melting temperature of 53 °C and a 

full width at half maximum of 1.5 °C (Figure 28/A). The calculated enthalpy change 

following the heat denaturation of the profilin sample was 246.5 kJ/mol. 

When 23 μM profilin was added to 23 μM actin only one prominent peak was 

detected with a Tm value of 47.6 °C (Figure 28/B). By fitting Gaussians on the heat 

transition curve it could not be decomposed convincingly to get relevant information 

about the unbound actin and profilin present in the sample beside the actin-profilin 

complex. Contrary to cofilin, profilin lowered the melting temperature of actin from 

53.6 °C to 47 °C indicating a less resistant structure of actin against the heat 

denaturation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar destabilisation effect of profilin was observed earlier by using DNase I 

inhibition assay [149]. The full width at half maximum was 4.7 °C for the actin-profilin 

  

Figure 28.) Heat denaturation profile of actin in the absence and presence of profilin. A.) Heat 

denaturation curve of 23 μM ATP-G-actin (grey dots) and 23 μM yeast profilin (light grey dots). 

The blue and red lines represent the Gaussian fit to the heat denaturation curve of actin and cofilin, 

respectively. B.) Heat denaturation curve of 23 μM ATP-G-actin alone (grey dots) and in complex 

with 23 μM yeast cofilin (light grey dots). The blue and green lines represent the Gaussian fit on the 

heat denaturation curve of actin alone and in complex with profilin, respectively.  
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Conclusions: 

1.) The applied actin-binding proteins have opposite effect on the heat stability of 

the actin monomer; cofilin increases, while profilin decreases that. 

2.) The heat stability of the actin monomer strongly depends on the conformation of 

the nucleotide-binding cleft, wider the nucleotide-binding cleft less resistant the 

actin monomer against the heat denaturation.  

complex that is between the values obtained for actin alone (5.9 °C) and in complex 

with cofilin (3.3 °C) 
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V. Discussion 
 

In this thesis the conformational state and dynamics of actin monomer was 

investigated in the presence of actin-binding proteins from functional point of view. 

According to the results of the nucleotide exchange experiments yeast cofilin and 

profilin can modify the kinetics of the nucleotide exchange on α-actin in opposite 

direction. The observed rate constant of the nucleotide exchange process decreased by 

around one order of magnitude (from 0.012 s-1 to 0.002 s-1) when 3 μM cofilin was 

present beside 1 μM actin. In contrast to cofilin, when 1 μM profilin was in complex 

with 1 μM actin the observed rate constant was around 60-times (from 0.012 s-1 to 0.75 

s-1) higher than in the case of actin alone. These results are in good agreement with 

earlier observations made on other orthologues of cofilin and profilin [48, 68]. 

To explore the connection between the kinetics of the nucleotide exchange and the 

conformational state of the nucleotide binding cleft of actin, fluorescence quenching 

assays were completed in the presence of cofilin or profilin. The fluorescence 

quenching experiments revealed that the ε-ATP located in the nucleotide binding cleft 

of actin can be quenched through a static quenching process. The Stern-Volmer 

constant characterising the accessibility of the actin bound ε-ATP was 0.24 M-1 that is 

two orders of magnitude smaller than the Stern-Volmer constant of the free ε-ATP 

(54.05 M-1). This result indicates that the nucleotide is strongly shielded by the two 

main domains of actin within the actin molecule. In the presence of cofilin the Stern-

Volmer constant of the quenching process further decreased to 0.034 M-1 suggesting a 

less accessible protein matrix around the actin-bound ε-ATP compared to the case when 

actin monomer was alone. As it was reported earlier cofilin can cause similar shielding 

of the fluorescent nucleotide analogue bound to the nucleotide binding cleft of the actin 

filament [150]. It suggests that the cofilin induced conformational change in the 

nucleotide binding cleft of actin is the same irrespective of the state of the actin 

molecule (G- or F-actin). Contrary to cofilin, profilin increased the Stern-Volmer 

constant to 3.5 M-1 revealing a more accessible environment around the ε-ATP bound 

to the nucleotide binding cleft of actin. These findings suggest a strong coupling 

between the conformation of the nucleotide binding cleft of actin and the kinetics of the 

nucleotide exchange process. The cofilin locks the nucleotide binding cleft in a closed 

conformation that can lead to the impaired nucleotide exchange process on the actin 
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monomer. In contrast profilin opens up the nucleotide binding cleft, that can explain the 

facilitated nucleotide exchange process observed on actin in the presence of profilin. By 

using molecular dynamic simulation it was pointed out that the removing of profilin 

from the profilin-actin structure was accompanied with the closure of the nucleotide 

binding cleft within 200 ps [151]. This result implies that the open conformation of the 

nucleotide binding cleft of actin is thermodynamically unstable and only in the 

presence of profilin can be observed in the actin molecule.  

The possible molecular mechanism behind the altered conformational state of the 

nucleotide binding cleft is the motion of the main domains and/or subdomains of actin 

relative to each other. This concept is based on the comparison of the atomic structure 

of profilin-β-actin complex in the tight and open state [78]. The tight to open state 

transition can be achieved by an overall 9.6 rotation of the two main domains relative 

to each other. It was suggested that this is principally the result of the 14.7° rotation of 

the highly flexible subdomain 2 regarding the rest of the molecule. In this term during 

the opening and closing of the nucleotide binding cleft the subdomain 2 of actin can 

move independently from the subdomain 1 resulting in the disintegration of the unity of 

the small domain of actin.  

Recently the open and closed atomic structure of profilin-β-actin complex was 

reinvestigated [80]. Superimposing these structures onto each other through the large 

domain of actin it was revealed that the closed structure can be transformed into the 

open by rotating the whole small domain with 9° relative to the large domain. In respect 

of this scenario the subdomain 1 and 2 move as an integrated unit during the closed to 

open state transition.   

To resolve this discrepancy regarding the motions of domains and/or subdomains of 

actin, the conformation and intrinsic dynamics of the small domain of actin was 

investigated in the presence of cofilin and profilin by using fluorescence resonance 

energy transfer assays. In the FRET experiments the donor fluorophore was attached 

close to the C-terminus of actin that is involved in cofilin and profilin binding [57, 78-

80]. To assess how the labelling interferes with the binding of cofilin or profilin to the 

actin molecule fluorescence anisotropy measurements were completed. The 

dissociation equilibrium constant determined for the cofilin-actin complex was 0.68 μM 

that was around 3-fold greater than the value reported for the unmodified actin-cofilin 

complex [152]. The KD determined for the profilin-actin complex was 9.15 μM that 
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was around 3 times higher than the value reported for the unmodified actin-profilin 

complex. These results suggest that the labelling of the actin monomer at the C-

terminus causes a steric conflict with the binding of cofilin and profilin.  

The fluorescence quenching of the donor fluorophore attached to Cys374 of actin 

revealed that both proteins decreased the accessibility of the fluorescence reporter 

molecule for the neutral quencher. The Stern-Volmer constant obtained for actin alone 

was 4.67 M-1 that dropped to 3.53 M-1 and 3.21 M-1 in the presence of cofilin and 

profilin, respectively. The decrease in the accessibility of the donor fluorophore can be 

explained well with the protection of the fluorophore due to the binding of cofilin and 

profilin to the vicinity of the C-terminus.  

The fluorescence quenching of the acceptor fluorophore attached to Lys61 of actin 

showed opposite tendency for the accessibility of the fluorophore in the cofilin- or 

profilin-actin complexes. The Stern-Volmer constant determined for actin alone was 

0.44 M-1 that is around one order of magnitude smaller than obtained for the quenching 

of the donor fluorophore attached to Cys374. This result seems to be reasonable, 

because the Lys61 is the part of the nucleotide binding cleft that is less exposed to the 

solvent than the C-terminus of actin. The cofilin decreased moderately the accessibility 

of the acceptor molecule resulting in a KSV value of 0.39 M-1. Profilin increased the 

accessibility of the acceptor resulting in a KSV value of 0.52 M-1. The tendency of 

change in the accessibility of FITC attached to Lys61 resembles the change in the 

accessibility of ε-ATP due to the binding of cofilin and profilin to actin. However it is 

difficult to interpret these slight modifications in the KSV value. The possible 

explanation may be that the Lys61 residue located on the outer part of the nucleotide 

binding cleft therefore the solvent exposure of the label attached to it changes just 

slightly during the closing and opening of the nucleotide biding cleft. In the light of this 

consideration the modified accessibility of the fluorophore bound to Lys61 may reflect 

the change in the conformation of the nucleotide binding cleft but in a lesser extent than 

the alteration in the accessibility of ε-ATP located deeply in the nucleotide binding 

pocket. 

The FRET experiments revealed that the distance between Cys374 (subdomain 1) 

and Lys61 (subdomain 2) labelled positions did not change significantly upon the 

binding of cofilin or profilin. This finding suggests that the orientation of the 

subdomain 1 and 2 does not change relative to each other upon cofilin or profilin 
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binding. Although conformational change was not detected in the small domain of actin 

in the presence of cofilin or profilin the flexibility of the segment of the small domain 

between the labelled positions decreased dramatically.  

Wealth body of evidence supports that the subdomain 2 of actin can exist in 

multiple conformations due to the inherent flexible nature of this subdomain. In respect 

of this fact the large reduction in the flexibility observed in the presence of cofilin or 

profilin can be the consequence of the reduced motion of the highly mobile subdomain 

2 of actin between the possible conformational sub-states.  

These results reinforce that the small domain of actin behaves as a rigid unit during 

the closing and opening of the nucleotide binding cleft in the presence of cofilin or 

profilin, respectively. Additionally, the overall stabilization of the small domain of 

actin confirms the allosteric coupling between the subdomain 1 and 2 of actin because 

the binding of both proteins is restricted only to the subdomain 1 of the actin molecule. 

It is worth to mention that a similar integrated domain motion occurs during the G- 

to F-actin transformation. Based on the X-ray fibre diffraction pattern of actin filaments 

it was revealed that the main conformational change accompanying the monomer-

filament transition is the average 20 propeller-like rotation of the main domains of 

actin with respect to each other [26]. This domain motion results in the flattening of the 

actin subunits within the actin filament and the complete closure of the nucleotide 

binding cleft of actin protomers. This closed conformation of the nucleotide binding 

cleft can explain well the extremely slow nucleotide exchange process observed in actin 

filaments [153, 154].  

It is long-time established that cofilin can enhance the formation of actin filaments 

in bulk polymerisation assays however the mechanism underlying this action of cofilin 

is still the subject of debate [38, 48]. One of the explanation can be the stabilisation of 

actin dimers by cofilin in the nucleation step of the actin polymerisation. Although this 

scenario seems plausible based on the binding fashion of cofilin between two adjacent 

actin subunits within the filament so far all the efforts to demonstrate the existence of 

the ternary complex of two actin monomers and one cofilin was failed. The other 

explanation can be that cofilin induces a conformational change in the actin monomer 

that resembles the conformational state of the actin protomers within the filament. In 

respect of this scenario the energetic barrier of the nucleation step of the actin 

polymerisation would be reduced due to the presence of actin monomers mimicking the 
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conformational state of the actin subunits within the filament. Several studies revealed 

the existence of this “F-actin like” conformation state of the actin monomers [155, 

156]. For instance in a molecular dynamic simulation study the existence of a so called 

“superclosed” state of the actin monomer was pointed out that was thought to be the 

polymerization competent form of G-actin [156].   

In contrast to cofilin, profilin slows down the nucleation phase of the actin 

polymerisation. On the top of that the elongation of the actin filaments at the barbed 

end in the presence of profilin is around 30 % slower than in the absence of that [157] 

and the incorporation of the profilin-actin complex into the filament is immediately 

accompanied by the dissociation of profilin from the filament end. These observations 

imply that the conformation of actin monomer in complex with profilin is severely 

diverse from the conformation state of the actin subunits within the filament. The 

profilin similarly to the cofilin does not change the intramolecular distance between the 

labelled position of subdomain 1 and 2 of actin, but cause the same reduction in the 

flexibility of the small domain. In the light of this consideration the different behaviour 

of the actin in complex with cofilin or profilin in the polymerisation process is 

presumably not due to the different state of the small domain of actin. It can be rather 

the consequence of the conformational state of the nucleotide binding cleft that is 

widely open in profilin-actin complex compared to the cleft seize of the cofilin-actin 

complex or the actin subunit within the filament. This open conformation can be an 

unfavourable state of the actin monomer in the polymerisation process that can explain 

well the slower kinetics for the formation of actin nuclei and the incorporation of actin 

monomers into the filament in the presence of profilin.  

The differential scanning calorimetry assays confirmed the altered conformational 

state of the nucleotide binding cleft of actin in the presence of cofilin or profilin. The 

melting temperature of actin alone was 55.5 °C that was shifted to 59.2 °C and 47.6 °C 

in the presence of cofilin and profilin, respectively. These findings suggest that the 

cofilin can stabilise, while profilin can destabilise the actin monomer. These 

stabilisation and destabilisation effects are probably the consequence of the different 

conformational states of the nucleotide-binding cleft. It was proposed earlier that there 

was a strong link between the conformation of the nucleotide-binding cleft of actin and 

the heat stability of the actin monomer. In this term the cofilin stabilises the actin 

monomer against the heat denaturation through rendering the two main domains of 
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actin in a compact arrangement. In contrast to cofilin the profilin keeps the actin 

domains far away from each other resulting in a less compact actin structure that is less 

resistant against the heat denaturation.   

According to earlier reports the heat denaturation of actin occurs through the 

melting of the two main domains in a separate way. These findings did not confirm this 

mechanism for the denaturation process of actin, because the increased rigidity of the 

small domain of actin in the presence of cofilin and profilin did not appear in the heat 

denaturation profiles. It seems that the thermodynamic stability of the actin monomer 

dominantly depends on the conformational state of the nucleotide binding cleft and not 

on the stability of the individual domains.  
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VII. List of Abbreviations 

 
ADF: actin depolymerising factor 

 

ADP: adenosine diphosphate  

 

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

 

ATP: adenosine triphosphate 

 

DSC: differential scanning calorimetry  

 

ε-ATP: 1, N6- Ethenoadenosine- 5'- O- triphosphate 

 

FITC: fluorescein isothiocyanate 
 

FRET: fluorescence resonance energy transfer 
 

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

 
KD: dissociation equilibrium constant 

 
MOPS: 3-(N-morpholino) propanesulfonic acid  

 

Pi: inorganic phosphate 

 

PIP2: phosphatidylinositol 4,5-bisphosphate 

 

PIP3: phosphatidylinositol (3,4,5)-triphosphate 

 

TRIS: tris(hydroxymethyl)aminomethane 

 

VASP: vasodilatator-stimulated phosphoprotein 
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Acrylamide 

conc. (M) 

Lifetime of free ε-ATP (ns) 

 

Lifetime of bound ε-ATP (ns) 

actin cofilin-actin 

complex 

profilin-actin 

complex 

actin cofilin-actin 

complex 

profilin-actin 

complex 

0 25.4±0.1 25.8±0.85 25.7±0.01 34.1±4.5 30.1±30.4 31.2±23.2 

0.05 7.05±0.15 6.6±0.1 6.55±0.15 30.5±1.1 31.5±0.9 32.5±0.15 

0.1 4.05±0.07 3.9±0.15 3.85±0.3 31.1±0.2 32.9±1.3 32.4±0.4 

0.15 2.85±0.06 2.75±0.03 2.65±0.1 30.8±0.6 32.7±1.2 32.3±0.2 

0.2 2.15±0.09 2.1±0.05 2.05±0.1 31.1±0.3 32.5±1 32.4±0.2 

0.25 1.85±0.01 1.7±0.1 1.63±0.05 31.1±0.3 33±1.5 32.3±0.5 

0.3 1.55±0.05 1.5±0.08 1.4±0.05 31.3±0.6 33.2±1.5 32.7±0.15 

 

Table 2.) Results obtained for the fluorescence lifetime of ε-ATP labelled actin samples at different 

quencher concentrations. The pre-exponential factor associated with each decay time is not involved 

in the table because the ratio of the free and actin-bound ε-ATP were not the same in all 

measurements (short ion-exchange resin treatment before the measurement left 20-60 µM free ε-ATP 

in the solution) 

Cofilin conc. (µM) kobs (s-1) Profilin conc. (µM) kobs (s-1) 

slower faster 

0 0.012 0 0.012 - 

0.5 0.009 0.25 0.018 0.147 

2 0.005 0.5 0.021 0.021 

3 0.002 1 0.026 0.026 

 

Table 1.) The observed rate constants of the nucleotide exchange experiments in the presence of 

different concentration of actin-binding proteins.  
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Temperature 

(°C) 

θ1 (ns) β1 θ2 (ns) β2 ro rss θo (deg.) 

5 49.3 0.17 4.83 0.017 0.187 0.117 14.5 

10 40.6 0.169 2.57 0.023 0.192 0.111 16.7 

15 34.2 0.16 2.95 0.028 0.188 0.100 18.7 

20 29.4 0.151 2.65 0.036 0.187 0.092 21.4 

25 25.4 0.138 2.49 0.045 0.184 0.082 24.6 

30 22.7 0.124 2.4 0.061 0.185 0.075 29.0 

35 19.9 0.112 2.06 0.071 0.184 0.067 32.0 

 

Table 3.) Results of anisotropy decay measurements of IAEDANS-labelled actin in the absence of 

actin-binding proteins.  

Table 3-8: Results of the anisotropy decay experiments. The values were obtained by 

fitting Equation 7. and 8. simultaneously on the fluorescence decay curves recorded in 

parallel and perpendicular polarisation setup. 

θ1: rotational correlation time characterising the motion of actin or its complex with 

actin-binding proteins (ABP) 

β1: fractional amplitude of the motion of actin or its complex with ABPs 

θ2: rotational correlation time characterising the motion of the reporter molecule respect 

to the protein surface 

β2: fractional amplitude of the motion of reporter molecule 

ro: time zero anisotropy value 

rss: steady-state anisotropy 

θo: half-cone angle characterising the spatial confinement of the reporter molecules’ 

motion. The half-cone angle was calculated according to Equation 10. 

The fluorescence lifetimes which were also recovered from the fluorescence decay 

curves were not involved in the tables, because they were irrelevant to the aim of the 

measurements. 
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Temperature 

(°C) 

θ1 (ns) β1 θ2 (ns) β2 ro rss θo (deg.) 

5 59.0 0.175 3.21 0.021 0.197 0.130 15.8 

10 51.4 0.170 2.86 0.027 0.197 0.123 17.9 

15 45.6 0.159 2.63 0.041 0.200 0.114 22.0 

20 40.9 0.152 2.38 0.048 0.201 0.107 24.2 

25 37.1 0.136 2.75 0.056 0.193 0.097 26.9 

30 32.3 0.121 2.49 0.073 0.195 0.087 31.4 

35 28.8 0.110 2.17 0.079 0.190 0.078 33.6 

 

Table 4.) Results of anisotropy decay measurements of IAEDANS-labelled actin in the presence of 

cofilin.  

Temperature 

(°C) 

θ1 (ns) β1 θ2 (ns) β2 ro rss θo (deg.) 

5 51.7 0.170 4.03 0.018 0.188 0.119 14.8 

10 44.5 0.167 2.78 0.028 0.196 0.113 18.3 

15 39.4 0.164 2.39 0.029 0.194 0.108 18.7 

20 35.9 0.156 2.11 0.041 0.197 0.101 22.3 

25 31.4 0.150 2.04 0.047 0.197 0.095 24.0 

30 29.4 0.139 2.69 0.051 0.190 0.088 25.7 

35 25.5 0.135 1.92 0.061 0.197 0.082 28.2 

 

Table 5.) Results of anisotropy decay measurements of IAEDANS-labelled actin in the presence of 

profilin.  
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Temperature 

(°C) 

θ1 (ns) β1 θ2 (ns) β2 ro rss θo 

(deg.) 

 

5 
32.4 0.164 1.47 0.077 0.242 0.175 28.5 

10 29.0 0.158 1.45 0.079 0.237 0.169 29.3 

15 25.3 0.152 1.37 0.082 0.235 0.163 30.2 

20 22.1 0.147 1.31 0.086 0.234 0.158 31.2 

25 21.2 0.144 1.41 0.086 0.230 0.155 31.4 

30 19.9 0.135 1.39 0.092 0.227 0.149 32.9 

35 17.4 0.129 1.24 0.099 0.229 0.143 34.4 

 

Table 6.) Results of anisotropy decay measurements of FITC-labelled actin in the absence of 

actin-binding proteins.  

 

Temperature 

(°C) 

θ1 (ns) β1 θ2 (ns) β2 ro rss θo 

(deg.) 

5 43.1 0.167 1.47 0.067 0.234 0.177 26.7 

10 43.5 0.167 1.67 0.070 0.238 0.181 27.3 

15 33.1 0.166 1.54 0.071 0.237 0.176 27.5 

20 29.2 0.160 1.31 0.075 0.235 0.169 28.6 

25 26.5 0.154 1.24 0.081 0.236 0.165 29.9 

30 25.4 0.148 1.17 0.085 0.233 0.159 30.9 

35 24.6 0.137 1.37 0.086 0.223 0.153 32.0 

 

 Table 7.) Results of anisotropy decay measurements of FITC-labelled actin in the presence of 

cofilin. 
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Temperature 

(°C) 

θ1 (ns) β1 θ2 (ns) β2 ro rss θo 

(deg.) 

5 36.4 0.168 1.39 0.073 0.241 0.178 27.6 

10 32.6 0.164 1.45 0.073 0.237 0.173 27.9 

15 31.7 0.153 1.57 0.075 0.228 0.165 29.1 

20 27.6 0.148 1.49 0.106 0.226 0.160 29.9 

25 25.6 0.139 1.49 0.083 0.222 0.154 31.3 

30 20.0 0.139 1.25 0.081 0.221 0.148 31.1 

35 18.9 0.130 1.21 0.086 0.216 0.141 32.6 

 

Table 8.) Results of anisotropy decay measurements of FITC-labelled actin in the presence of 

profilin. 
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