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Název diplomové práce:  

Biofyzikální výzkum bezmotorové kontraktility aktinového cytoskeletu 

 

Abstrakt: 

 

Cytokineze je konečným krokem buněčného dělení, během kterého je mateřská buňka fyzicky 

rozdělena na dvě dceřiné buňky. Úspěch cytokineze závisí na utvoření kontraktilního prstence 

složeného z akto-myozinového cytoskeletu. Prstenec produkuje sílu potřebnou k rozdělení 

mateřské buňky. Navzdory obecně uznávaným předpokladům o kontraktilitě aktinu pomocí 

myozinových motorů dochází v některých buňkách ke kontrakci prstence, přestože je aktivita 

myozinu omezena. Cílem této práce bylo ověřit hypotézu, že kontraktilita aktinu může být 

poháněna bezmotorovým difuzním spojníkem anillinem. Použili jsme rekonstituovaná aktinová 

filamenta a anillin in vitro pro sudium minimálních modelů aktinové kontraktility bez přítomnosti 

myozinu. Pomocí TIRF mikroskopie jsme ukázali přímé nasouvání překrývajících se aktinových 

vláken a konstrikci aktinových prstenců. Naše výsledky ukazují, že anillin je difuzní spojník 

aktinových vláken a může přispívat k aktinové kontraktilitě. 
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Title of the thesis:  

Biophysical characterization of non-motor contractility of actin cytoskeleton 

 

Abstract: 

 

Cytokinesis is the final step of cell division during which the maternal cell is physically divided 

into two daughter cells. The success of the cytokinesis relies on the formation of the contractile 

ring composed of acto-myosin cytoskeleton. The ring produces the force required for the cleavage 

of the maternal cell. Despite the broadly accepted assumption that myosin motors are responsible 

for the actin contractility, in some cells, however, the ring contracts even when the activity of 

myosin is restricted. The aim of this thesis was to test the hypothesis that actin contractility can 

be propelled by diffusible nonmotor actin crosslinker anillin. We used reconstituted actin 

filaments and anillin in vitro to study minimal models of actin contractility in the absence of 

myosin. Using TIRF microscopy, we showed directional sliding of overlapping actin filaments 

and constriction of actin-anillin rings. Our results show that anillin is a diffusive crosslinker of 

actin filaments that may contribute to actin contractility. 
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1 Introduction 

The cytoskeleton consisting of protein-built filamentous structures has the responsibility for 

maintaining the cell shape, enabling cell migration and ensuring the cell division. A considerable 

part of the human cytoskeleton is made up of actin filaments with their associated proteins such 

as myosin. To understand cellular dynamics during, for instance, the cell division, the description 

of the mechanistic background of the cytoskeletal contractility is essential. 

It is well known that myosin motors propel the actin contractility by translating one 

filament along another one. Despite this broadly accepted view, it remains unknown how the 

actin-myosin contractility mechanism ensures the proper functioning of certain physiological 

phenomena. The actin-myosin model alone fails, for instance, to explain constriction of the 

contractile ring, which consists of randomly oriented actin filaments. Suppose the myosin 

translates the filaments oriented in the opposite direction, this model will completely fail unless a 

symmetry breaking by another mechanism occurs. Furthermore, recent observations show that 

the presence of myosin motors is not necessarily required in some cells for the constriction of the 

ring and can be supported or fully replaced by another back-up mechanism.  

In this thesis, I test the hypothesis that the actin contractility can be propelled by protein 

crosslinker anillin. Anillin is known to bundle actin filaments, and we assume that anillin acts as 

a diffusible crosslinker on these filaments and, therefore, generates compaction forces, which 

directionally slide partially overlapping filaments.  

The aim of this thesis was to describe the contractile behaviour of reconstituted actin 

filaments crosslinked by anillin in vitro without the presence of molecular motors. To do so, I 

investigated the contractions of minimal anillin-actin systems and constrictions of reconstituted 

anillin-actin rings using TIRF microscopy.  

Firstly, the behaviour of reconstituted rhodamine labelled actin filaments stabilised by 

phalloidin was observed as a control that the filaments do not interact with each other. Since 

anillin was added into the solution, we observed and assessed the directional sliding of the actin 

filaments along each other – the minimal model of non-motor actin contractility. Following 

experiments were aimed at the reconstitution of actin-anillin contractile rings under various 

conditions. Subsequent experiments tested similar situations but using non-stabilised actin 

filaments.  
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2 State of the Art 

2.1 Biological background 

2.1.1 Cytoskeleton 

Cells adaptively interact with their surroundings. Cell shape change and development are ensured 

by the interplay of three types of filamentous protein structures called cytoskeleton [1]. This well-

organised dynamic network is an essential component of eukaryotic cells and plays a major role 

not only in motility and morphogenesis, but also in intra-cellular transport, and cellular 

division [2]. 

The cytoskeleton is composed of intermediate filaments, microtubules, and actin filaments, 

also known as microfilaments [1]. The actin cytoskeleton is a dynamic network composed of 

actin filaments and a substantial number of other proteins having an ability to bind F-actin 

(filamentous actin). These proteins in many instances have several binding sites and are aimed at 

crosslinking the filaments, regulating their assembly and disassembly, and exerting force on the 

filaments [3]. 

 

Figure 2.1 Actin filaments distribution in cells 

Actin filaments have a considerable number of functions through cells. They can form many 

structures that play a broad range of roles such as enlargement of nutrient capacity 

(microvilli), the connection of cytoskeletal structures of adjacent cells (adhesion belt) and 

motility (lamellipodia, filopodia). Some of the actin-binding proteins exert forces on the actin 

stress fibres. Another function is ensured by the contractile ring, where the actin filaments 

contract and divide the cell into two daughter cells. Adopted from ref. [4].  
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2.1.2 F- actin structure and function 

Actin is a highly conserved protein of 375 amino acids [5] with a mass of 42 kDa [6]. The globular 

actin has an ability to polymerise in a linear chain in the form of a single-stranded helix [7]. This 

filament has an approximate diameter of 8 nm and up to several microns in length. The fact, that 

the monomer position is always found to be in the same direction within the filament leads to the 

distinct structural polarity at both ends (so-called pointed end (–) and barbed end (+)) [8]. 

 

Figure 2.2 G-actin structure  

A ribbon representation of a single G-actin monomer structure. A standard convention of the 

pointed end (upper part) and the barbed end (lower part) is used. Reprinted from ref. [1]. 

Actin polymerisation starts with the formation of the small trimer. Then actin filaments 

grow as other monomers are added to both ends, while the pointed end elongates slower than the 

barbed end. Actin binds ATP, which influences the rates of polymerisation. At the (+) end, there 

is usually a high concentration of the actin-bound ATP. Conversely, the (–) end has a high 

concentration of the actin-bound ADP. [8] Actin polymerisation and disassembly is regulated by 

a number of additional enzymes, such as profilin, cofilin and others [9]. 

Dynamic behaviour of the microfilaments and its interplay with associated proteins (also 

called actin-binding proteins, ABP) gives rise to the formation of higher-order structures such as 

bundles and networks [8]. 
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Figure 2.3 F-actin polymerisation 

The polymerisation mechanism with the active participation of ATP leads to the formation 

of actin filaments by G-actin rearrangement. ATP is hydrolysed to ADP. 

2.1.3 Actin contractility 

Actin contractility plays a central role in cell motility and cell shape change. The myosin motors 

are mostly responsible for driving the actin contractility. Myosins act on the actin filaments by 

producing mechanical force by consuming chemical energy in the form of ATP. Hence a strain 

in the cytoskeletal network is produced because of the actin contraction. Apart from other 

structures, actin and myosin form a contractile ring closely anchored to the inner side of the cell 

membrane. In a generally accepted view, the myosin motor proteins within the contractile ring 

generate a constriction force for the physical cell division [2]. 

 

Figure 2.4 Actin-myosin contractility 

The simplest actin-myosin contractile organisation consisting of two actin filaments forced 

to move by several motor protein units.  

It is well known that myosin drives actin contractility. On the other hand, there are several 

problems with this model such as random orientation and arrangement of the actin filaments 

within the ring that can be shifted in opposite directions. When myosin acts on both parallel actin 
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filaments, no relative sliding occurs. Whilst antiparallel filaments can go from contraction to 

expansion depending on the initial geometry. This indicates that the model does not work with 

the exception of the presence of a backup or symmetry breaking mechanism [10]. 

Contractile ring is strictly regulated in terms of the precise timing of its localisation at the 

exact position to ensure equal distribution of the organelles and chromosomes. When a cell grows 

within the M phase and partitions the “mother” into two daughter cells, the cytokinetic failure is 

inadmissible. For this reason, when a cytokinetic failure occurs, it can lead to undesirable cellular 

malformations [11]. 

The assembly of the contractile ring is partly based on the Rho activation which then 

triggers actin polymerisation and myosin activation. On the other hand, Rho itself cannot change 

the actin protein conformation because Rho active GTP-bound state is required for the interaction. 

Rho-GTP promotes nucleation of actin filaments by activating mDia2 formins [11]. Its other 

function is to activate ROK and citron kinases to provide myosin assembly support [12]. 

Certain functions within the contractile ring are ensured by a number of other proteins, such 

as profilin, which accelerates actin filaments elongation and cofilin that plays a role in actin 

destabilisation. Both of these proteins are, therefore, the main participants in the assembly and 

disassembly dynamics of actin filaments. Another representative members of the group of 

additional proteins involved in the formation of the contractile ring are septins that are recruited 

by anillin, provide the anchorage of the ring to the membrane and, to some extent, control the 

stability of the contractile ring [11]. 

According to the classical model, once myosins utilise their motor activity, the actin 

filaments are forced to slide over each other, so the ring constricts. Interestingly, the cross-

sectional area of the ring does not change with the constriction which leads to the assumption that 

the actin disassembly is synchronised with the constriction [11]. Furthermore, previous studies 

show that the rate of the constriction is proportional to the initial length of the boundary of the 

contractile ring  [2, 11].  
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2.1.4 Anillin structure and function 

Anillin is a protein with a molecular mass of 124 kDa, which binds actin, myosin and other key 

cytokinetic regulators. Anillin is also capable of interacting with a myriad of other proteins and 

is, therefore, regarded as a scaffolding protein. It can be usually found as a part of the contractile 

ring during cell division. This protein is able to bind actin and myosin through its conserved actin 

and myosin binding domain near its N-terminus. For this reason, anillin is sometimes referred to 

as the main cytoskeletal network coordinator. The actin-binding domain was found to have three 

individual actin binding sites (Figure 2.5) [13][14]. Conversely, near the C-terminus, the 

conserved PH domain resides. This domain plays a crucial role in anillin functionality by sharing 

homology with the Rhotekin, allowing to interact directly with RhoA [13][14]. Rho is another 

important small GTPase protein involved in the contractile ring formation and constriction which 

plays a fundamental role during the formation of the furrow where the anillin acts as significant 

co-operator and stabiliser [14]. 

In the absence of anillin in cells, the cytokinesis typically fails. Anillin knockout entails, for 

instance, the cleavage furrow failure, central spindle damage, contractile ring destabilisation, or 

oscillation of the contractile ring through a cell. This also suggests that anillin is responsible for 

furrow stability and is already present at the early stage of cytokinesis [14]. 
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Figure 2.5 Anillin interaction domains 

Anillin has several binding sites. Two of them are important in the context of this work - 

myosin and F-actin binding sites. Here a part of the human anillin structure and its interaction 

domains are shown. Black bars represent NLS sequences, and the numbering relate to the 

sequence of amino acids. Drosophila, Human and Xenopus represent the systems where the 

interacting protein was indicated [15]. 

2.1.5 Diffusible crosslinkers 

While the generation of force by molecular motors (such as kinesin or myosin) is fuelled by the 

chemical energy released by the hydrolysis of nucleotides (such as ATP) [16], the cytoskeletal 

diffusible crosslinkers produce force by harnessing the thermal energy. The combination of the 

higher affinity of the crosslinker to the overlaps between cytoskeletal filaments and the one-

dimensional diffusion along the filaments results in the confinement of crosslinkers in the 

overlaps. The thermodynamic tendency to maximise the entropy of the confined crosslinkers 

leads to the generation of forces that maximise the overlap length. This manifests by the 

directional sliding of the filaments. These forces can supplement the ATP-dependent forces and 

might be particular participants during the self-organisation of filamentous networks [17]. 

2.2 Technical background 

2.2.1 Total Internal Reflection Fluorescence Microscopy 

Total internal reflection fluorescence microscopy, TIRF, is a powerful imaging method bringing 

great contrast in the focal plane due to the suppression of excitation of fluorophores outside of 

this plane. This technique has a high signal-to-noise ratio compared to epifluorescence 

microscopic methods. As a secondary benefit, TIRF microscopy also reduces the extent of 

photodamage induced by the illumination laser. The source of illumination is a laser which comes 

in contact with a coverslip surface at a critical angle. Hence, the beam does not penetrate the 
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sample but only the evanescent wave propagates along the glass-sample interface. This wave 

excites fluorophores in the sample within a depth of approx. 100 nm from the coverslip surface. 

Thanks to the evanescent field, only the fluorophores that are close to the area of the surface are 

excited and observed, avoiding the background fluorescence from the volume [18]. 

The intensity of the evanescent field follows the expression  

 𝐼(𝑧) = 𝐼&𝑒(()/+,)	 (1) 

It decreases exponentially in a direction z with the characteristic depth of penetration (dp). 

The penetration depth is described as  

 
𝑑/ =

𝜆

4𝜋3𝑛56𝑠𝑖𝑛6𝜑 − 𝑛66
 

(2) 

It is a function of the wavelength (𝜆), of the indices of refraction of the glass and the 

solution and the angle of the incident light. See figure 2.6 for a graphic representation. 

 

Figure 2.6 Optical geometry for total internal reflection fluorescence 

The total internal reflection occurs when a critical angle j is reached, thus the evanescent 

field is generated. Using equations 1 and 2, the light intensity and the penetration depth are 

described. Adopted from ref. [19]. 

Fluorescence microscopy allows us to see fluorophores below the resolution limit of light 

microscopy. And by substrate specific labelling it helps to resolve this substrate from other things 

in the image. Fluorochromes or fluorophores are the substances which are responsible for making 

objects of interest visible. The basic idea is that these substances are able to absorb light, and right 
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after the excitation, the electrons excited to the higher energy level return back to the lower energy 

level and emit the excess energy in the form of photons. These photons have lower energy than 

the excitation photons and thus longer wavelength compared to the excitation light beam. For the 

fluorescence excitation, specific light sources and detection devices are required [20]. 

The main difficulty of using fluorescence labelling is that fluorescence dyes have limited 

lifetime so they photobleach and, moreover, they may produce toxic substances [20]. By using 

specific reagents described at 4.1.2., the production of these substances can be restricted.  
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3 Materials and methods 

3.1 Microscopy  

In this chapter, techniques that were used for our experiments will be introduced.   

3.1.1 Coverslips preparation 

Following ref. [19], we prepared glass coverslips precisely cleaned to avoid undesirable 

fluorescence, and with the accurate reactivity for subsequent silanisation. The silanisation was 

completed with a 0.05% dimethyldichlorosilane (DDS) in the trichloroethylene (TCE) solution. 

This procedure was used to allow the glass surface functionalisation. It allows the surface 

passivation as well. 

3.1.2 Fluorescent tag 

For the “phalloidin-stabilised F-actin” experiments described in this work, we used rhodamine-

phalloidin (tetramethylrhodamine) to make the actin filaments visible. While the phalloidin 

prevents F-actin from the depolymerisation (phalloidin), rhodamine is a fluorescent compound 

with the excitation/emission wavelength of about 540/565 nm. For the non-stabilised F-actin 

experiments we used rhodamine-actin without the use of phalloidin. We also used GFP-labelled 

anillin which can be excited by 488 nm laser light while the optimum of detection is at 510 nm 

(Figure 3.1). 
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Figure 3.1 Fluorescent spectra 

The fluorescent excitation and emission spectra of GFP and tetramethylrhodamine (TRITC) 

used in our experiments. The excitation lines indicate the wavelengths used to get the 

fluorophores to the excited state. By returning to the ground state, photons are emitted. The 

distance between the two maxima is known as the Stokes shift. Reprinted from ref. [21]. 

3.1.3 TIRF microscopy imaging setup 

For the TIRF microscopy experiments, microfluidic chambers were prepared firstly. These 

chambers were formed from two 18x18 mm and 22x22 mm DDS coated glass coverslips while 

several approx. 1.5 mm wide parafilm strips were placed onto the bigger slide and the smaller 

slide was carefully pressed down onto the bigger one. This set was subsequently heated to 

approximately 65 ˚C to slightly melt the parafilm between the two slides to hold it together. The 

flow chamber was typically divided into four or five entry channels with a depth of approximately 

100 µm. In Figure 3.2, I show the coverslip and its holder used for the experiments. 

For studying actin-anillin behaviour during crosslinking, the coverslip surface was 

passivated by pluronic F-127 copolymer surfactant to avoid attaching actin filaments on.  

For imaging, we prepared HEPES (20 mM HEPES, 2 mM MgCl2, 1 mM EGTA, pH 8.0 

KOH) or GAB (5 mM Tris-HCl pH 8.0, 0.2 mM CaCl2) buffer with the addition of Cleland’s 

reagent (DTT), anti-photobleaching cocktail (glucose oxidase and catalase), and methylcellulose 

also called crowding agent.  
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This buffer contains HEPES or GAB, 10mM DTT, 20mM D-glucose, 0.1% Tween20, 0.5 

mg/ml Casein, 1mM ATP. Then the solution was gently stirred, put on ice and placed in vacuum 

for degassing for at least 20 minutes.  

Immediately before the start of filling the microfluidic chamber with the imaging buffer, 

glucose oxidase and catalase were added to the imaging mixture. It must be added just before use 

due to its extinction time of about 30 minutes. The importance of these two ingredients is based 

on the process of the oxidation of D-glucose to a gluconic acid that reduces the amount of reactive 

oxygen in the solution. A by-product of this reaction is hydrogen peroxide, which once again 

belongs to the undesirable reagents; therefore its amount is reduced by catalase [19]. 

Live imaging was performed using Nikon H-TIRF microscope with a CFI Apo TIRF 60x 

oil immersion objective, NA 1.49, working distance 0.12 mm (Nikon) while the sample holder 

was placed on the microscope stage and the glass coverslip was brought into contact with the 

objective by using immersion oil. Excitation wavelengths used for the experiments described 

below were 488 nm and 561 nm with laser beam power (LU - N4/N4S laser unit - Nikon) being 

set from 0,803 mW to 2,409 mW for 488 nm and from 0,856 mW to 2,568 mW for 561 nm which 

in both cases corresponds to the 10 - 30 % of the maximum laser power. The power was adjusted 

according to the intensity of the fluorescence signal. FITC and TRITC fluorescence filter cubes 

were used. The usage of separate filter cubes brings benefits for TIRF imaging, in terms of 

optimal filter selection, high experimental accuracy. 

To record the fluorescence images the charge coupled device (CCD) camera (Andor 

Technology, iXon Ultra 888) and the NIS-elements acquisition software (Nikon) was used with 

a typical acquisition rate of approximately 1 frame per 200 milliseconds (actin sliding) and 1 

frame per 10 seconds (actin rings). The actin-anillin sliding on experimental data was recorded 

by sequential switching between GFP and TRITC channels.  The data was subsequently 

processed by the ImageJ software.  
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Figure 3.2 Microfluidic chamber and coverslip holder 

a) Schematic representation of four microfluidic channels composed of 22 mm x 22 mm and 

18 mm x 18 mm coverslips and five strips of parafilm. b) Custom-made copper coverslip 

holder with the central aperture used for placing the microfluidic chambers on the top of the 

microscope objective, which is able to approach the coverslip from underneath. The holders 

are precisely made to fit the microscope stage [19].  

3.2 Acto-anillin interactions 

We surveyed the interactions between the in vitro reconstituted F-actin and anillin. For the 

experimental investigations, we used actin filaments whose preparation is included in this chapter. 

We investigated how actin filaments were bundled in the presence of GFP-labelled anillin (Figure 

3.3). We also investigated the directional sliding of individual actin filaments along each other. 

In subsequent experiments, we formed the acto-anillin rings and investigated their dynamics. The 

experiments were performed with phalloidin-stabilised and non-stabilised actin filaments. 

The acetone powder protocols [22], [23] were used for the actin preparation. Then the 

protein was cryodesiccated and prepared to store at -80 °C for further use in our experiments. 

GFP-Anillin was prepared by recombinant protein production in HEK293 cells and stored at -80 

°C. 

(

a) 

(

b) 
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Figure 3.3 Phenomenological workflow of the experiments; from G-actin to F-actin 

sliding 

From left; formation of F-actin from G-actin, anillin binding, and sliding of overlapping actin 

filaments.  

3.2.1 Stabilised F - actin 

Firstly, we polymerised actin filaments from globular actin. Once the actin filaments are formed, 

their depolymerisation may also occur. To prevent the depolymerisation, we used phalloidin, a 

chemical substance that binds and stabilises actin filaments.  

Sliding of actin filaments 

Filamentous actin was prepared from globular actin by spontaneous polymerisation in the 

polymerisation buffer (Attachment 1) in the presence of phalloidin. The actin filaments were left 

to polymerise at least until the next day prior to use. In the subsequent experiments, the flow 

sequence started with the coverslip surface passivation in each channel with pluronic F-127 for 

one hour. After this step, the channels were washed by the appropriate buffer in dependence on a 

buffer used afterwards. One of the channels selected for imaging was filled with actin filaments 

and the same channel was then flushed by the imaging buffer to which the oxygen scavengers 

and the last ingredient, the crowding agent, was added just before use.  

The filaments were pressed down to the channel/glass interface by methylcellulose. Thanks 

to the passivation by F127, actin filaments were not adsorbed on the coverslip surface. In the 

result, the filaments were free to move in the lateral plane (see Figure 3.4).  
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Now, after putting the microscope into operation, we were able to observe actin filaments 

using the excitation wavelength of 561 nm. 

 

Figure 3.4 Actin filaments imaging setup 

Schematic illustration of the setup for the TIRF microscopy imaging. Several actin filaments 

which are pressed down by methylcellulose onto the passivated coverslip surface and free to 

move along it are visible by fluorescence imaging, with an excitation wavelength of 561 nm. 

No interactions between these filaments were observed.  

The actin filaments had a typical length of approximately 5-10 microns. For the following 

experiment, we added GFP-labelled anillin diluted (1:100) in the imaging buffer with 

methylcellulose and observed the interactions between anillin and F-actin. Observation of the 

anillin was possible with an excitation wavelength of 488 nm (Figure 3.5). 

 

Figure 3.5 Minimal actin-anillin model imaging setup 

Schematic illustration of the setup for the TIRF microscopy imaging. Two actin filaments, 

which are bound by GFP-tagged anillin and pressed down by methylcellulose onto the 

passivated coverslip surface, can be observed. Imaging is provided with an excitation 

wavelength of 488 nm.  
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Acto-anillin rings  

The main difference between the previous procedure and this one is that the rings were prepared 

before they were injected into the channel. Firstly, actin filaments were prepared in the same way 

as described above, some of them were added into the micro-tube together with the imaging 

buffer containing anillin and oxygen scavengers. The crowding agent was added just before the 

channel filling. This procedure guaranteed the formation of acto-anillin rings (Figure 3.6) with 

which we were then able to fill the channel. After the channel was filled, we could observe those 

rings behaviour. With the exception of the acquisition rate, the microscope settings corresponded 

to the sliding-on experimental setting .  

 

Figure 3.6 Actin-anillin ring 

Illustration of an actin-anillin contractile ring composed of several actin filaments linked by 

anillin. 

3.2.2 Non-stabilised F-actin 

In the experiments with non-stabilised actin filaments, the addition of phalloidin was omitted. 

Under these conditions, slow actin depolymerisation occurs. It was observed how this 

phenomenon influences the interaction of actin filaments via anillin. For this type of experiment, 

a very important point is to use freshly prepared actin filaments to detect sliding of the filaments 

while the depolymerisation occurs.  

Sliding of actin filaments 

Actin filaments were prepared following the protocol in the Attachment 2. This actin was not 

prepared in our lab but prepared as a mixture of purchased rhodamine-labelled (AR05) and 

unlabelled (AKL99) actin at 1:10 ratio (Cytoskeleton, Inc., USA). The filaments were again 

placed into the microfluidic channel, were followed by imaging buffer containing oxygen 

scavengers and methylcellulose as described at the previous stabilised F-actin sliding-on 
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experiment. Right after the addition of the GFP-tagged anillin, image capturing was initiated. It 

was possible to see that the filaments slide along each other even during the process of 

depolymerisation. 

Acto-anillin rings 

We used the same preparation approach applied to the actin filaments as described in the previous 

section, to evaluate the differences between stabilised and non-stabilised contractile rings. Some 

of the filaments were added to the microtube and mixed with the solution of imaging buffer with 

OxSc and GFP-anillin (diluted 1:100). The rings were formed and after the addition of the 

methylcellulose, it could be transported to the microfluidic channel for observation. The 

procedure of monitoring differences in the ring dynamics is consistent with the procedure of the 

sliding-on experiment as mentioned above. According to our hypothesis, the size of the diameter 

of the non-stabilised rings should be highly affected by the gradual actin disassembly. 
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4 Results 

This part is divided into three sections that deal with the contractions of minimal actin-anillin 

models, the density of anillin bound to the filaments, and the constrictions of reconstituted actin-

anillin rings.  

4.1 Actin-anillin contractions 

We hypothesise that anillin can produce a force which can move actin filaments within a bundle. 

Therefore, we study the filaments in the presence of anillin to answer the question, whether or not 

do they slide along each other. 

For the contraction experiments, phalloidin-stabilised actin filaments were used. In the 

presence of anillin, the situations of two actin filaments close to each other were recorded. It was 

noticed that anillin binds along these filaments uniformly. When coming into contact, a 

directional sliding was observed. Most of these observations were performed in HEPES buffer. I 

measured the length of the overlap of the two filaments as a function of the time, as the 

demonstrative curves show (Figure 4.3).  

I also tested, whether the sliding on-phenomenon of non-stabilised actin filaments occurs 

under similar conditions as within the phalloidin-stabilised F-actin experiments.  
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4.1.1 Stabilised F-actin 

Since phalloidin-stabilised actin filaments are spotted under the TIRF microscope, anillin is added 

into the solution in order to crosslink these filaments. Single filaments were visualised 

simultaneously with distinct 488 nm and 561 nm excitation wavelengths. The two filaments with 

a short distance between them were usually tracked. When touching, the sliding on each other 

could be observed. This was the typical behaviour through all of our experimental data. See Fig 

4.1. and 4.2 for details.  

Subsequent analysis revealed that the length of the overlap length increases rapidly at the 

beginning and asymptotically slows down as the time pass (Figure 4.3).  

 

Figure 4.1 F-actin sliding in the presence of anillin 

From (a) to (f): This figure shows the anillin-GFP channel with an excitation wavelength of 

488 nm. Two phalloidin-stabilised actin filaments close to each other, when touching at t = 

0 sec, are held together and able to move along each other over time. From (g) to (l): the 

same result in the TRITC channel, rhodamine-phalloidin, with an excitation wavelength of 

561 nm is shown. The endpoints of the filaments that are in close proximity to each other are 

distinguished by coloured arrows. Each colour belongs to the individual filament. As the 

filaments move along each other in the opposite directions, the arrows follow the position of 

the endpoints. Thus, the length of the overlap can be directly measured afterwards. The 

spatial changes of the actin filaments between the GFP and the TRITC channels are given 

by the fact that actin filaments are free to move while the individual channels were recorded 

separately with a slight time delay.  
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Figure 4.2 F-actin sliding in the presence of anillin 

Another example of the actin filaments sliding on each other in the same setup as defined at 

the previous picture description.  
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Figure 4.3 Actin-anillin sliding overlap length and time response 

(a), (b) and (c) represent a typical behaviour of the directional sliding of actin filaments in 

the presence of anillin (Fig. 12. 13). In the majority of cases, the overlap length follows an 

exponential time response. 

The control observations show that actin filaments are incapable of forming the bundles 

alone, without any additional protein in solution (Figure 4.4). 

 

Figure 4.4 Actin filament cannot form bundles without anillin 

Figures a, b, and c represent phalloidin-stabilised actin filaments at different times during 

one experiment. The filaments are free to move and occasionally touch each other. No long-

term interactions such as sliding and alignment between those filaments can be observed. 
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4.1.2 Non-stabilised F-actin 

Actin purchased from Cytoskeleton Inc. was used to answer the question of how the actin 

filaments move along each other while the depolymerisation occurs. I observed no difference in 

the behaviour; the filaments started to slide-on each other right after coming into contact. See 

Figure 4.5 for details. 

 

Figure 4.5 Sliding of non-stabilised actin filaments in the presence of anillin 

Two actin filaments with the short distance between them are connected at the time of 0 secs 

(a, b). At the same time, they start sliding along each other as the blue and pink arrows show 

(c, d, e, f).  

4.2 Anillin density 

Next, we analysed the number of anillin molecules in the overlap. We suppose that the number 

of molecules of anillin grows together with the length of the overlap. Eleven measurements were 

tested in relation to this hypothesis. The analysis was done by quantification of the fluorescence 

intensity profile of GFP-anillin in the overlap. As Figure 4.6 shows, a pool of all the 

measurements can be fitted by a linear curve. By comparing the density of anillin in the overlap 

and on a single filament, we found that the density of anillin is approximately 1.6 times higher in 

the overlap.  
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Figure 4.6 Anillin density as a function of the overlap length 

The graph illustrates that the integrated relative intensity of the anillin follows the linear 

growth as the overlap length increases. There are 11 measurements included in the analysis. 

For an example of the intensity profile used for the quantification of the anillin density in 

the overlap in the course of time, see Figure 4.7. 

 

Figure 4.7 Intensity profile of two overlapping actin filaments 

Two actin filaments (a) and (b) (on left) crosslinked by anillin in GFP channel. The graph on 

the right side of the figure shows the intensity profile along these filaments and also includes 

the background intensity. The grey bars stand for the individual segments of the profile.  
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4.3 Acto-anillin ring’s constriction 

In human cells, the formation of the contractile ring is ensured by remodelling of actin filaments. 

[24] Here we test the hypothesis that anillin contributes to the formation of contractile rings and 

produces constriction forces. 

The rings composed of actin filaments crosslinked by anillin were prepared according to 

the description in the Materials and methods chapter. Similarly to the actin-anillin contractions 

experimental setup, I observed constrictions of the rings. Following figures 4.8, 4.10, 4.11 capture 

distinct rings in GFP and TRITC channels at different times.  

The parameter that was found to be relevant for monitoring the contraction of the rings is 

the circumference, which was then plotted as the function of time. I also tested the rings under the 

different buffer conditions: the general actin buffer (GAB) and HEPES buffer.  

Following sections 4.3.1, 4.3.2 contain the experimental situation or situations of individual 

actin rings. At the end of each section, there are the results of measured circumference in the 

course of time. On that basis, the constriction of the actin rings could be characterised. In many 

cases, the circumference decreases as the time pass, which means that the ring constricts. This is 

followed by a statistical analysis (4.3.3) which brings the information of how actin stability 

influences the constriction. 

4.3.1 Stabilised F-actin 

Once actin-anillin contractile rings were assembled from phalloidin-stabilised filaments, the 

individual rings could be tracked. See Fig 4.8 for the result of the single actin-anillin ring tracking. 

By measuring the circumference of the ring, it was evaluated whether the contraction occurs. Fig 

4.9 shows that while some rings constrict, the constriction of other rings is less significant. 

Constriction of most of the rings was not able to exceed 5 %.  
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Figure 4.8 Phalloidin-stabilised actin-anillin contractile ring 

Figures (a) to (f) show one contractile ring in the GFP channel at different times. Figures (g) 

to (l) show the identical contractile ring in the TRITC channel. 

 

Figure 4.9 Constriction of actin-anillin rings in different buffers 

The vertical axes show the circumference of the rings in the course of time. The buffers used 

are mentioned on the top of the images. Each curve represents an individual ring.  
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4.3.2 Non-stabilised F-actin 

In this section, the non-stabilised actin rings are shown (Figure 4.10, 4.11). Once non-stabilised 

actin filaments were assembled, the actin-anillin rings could be formed in accordance with the 

experimental setup described in the chapter 3.2.2. Subsequent analysis revealed that the 

constriction of non-stabilised actin rings is approximately 52 % higher than phalloidin-stabilised 

actin rings.  

 

Figure 4.10 Non-stabilised actin-anillin contractile ring 

A contractile ring in the GFP channel is shown in (a) - (f). Exactly the same contractile ring 

recorded in the TRITC channel (g) - (l).  



  39 

 

Figure 4.11 Non-stabilised actin-anillin contractile ring 

A representative case of the non-stabilised actin-anillin contractile ring in both GFP (a-f) and 

TRITC (g-l) channels. Here the constriction phenomenon of the contractile ring can be 

observed just with a naked eye.  

  



  40 

 

Figure 4.12 Constriction of actin-anillin rings in different buffers 

An example of the time profiles of circumference of three representative events for each 

condition are shown. Each curve symbolises individual contractile ring within the single 

experiment. 

4.3.3 Statistical analysis 

Reconstituted actin-anillin rings constrict in the course of time. To assess this phenomenon, we 

analysed the rate of constriction under different experimental conditions. Firstly, we tested if there 

is a difference between data observed under different conditions. To do so, we tested whether our 

data come from the same distribution. The comparison was made with a two-tailed unpaired 

Student’s t-test. The result is consistent with the hypothesis that there is no difference between 

the constriction rates of the rings in the two buffers, while the stability of the filaments has an 

influence on this rate. This allowed us to pool the results from different buffers and present the 

rates of constriction for stabilised and non-stabilised filaments (Figure 4.13). Contractile rings 

assembled of non-stabilised actin filaments have a higher contraction rate in relation to stabilised-

actin rings.  
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Figure 4.13 Constriction rate 

Statistical comparation between stabilised (left) and non-stabilised (right) actin-anillin 

contractile rings. The vertical axis shows the percentage of constriction within the time of 

350 s. 
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5 Discussion 

The main goal of this work was to characterise actin contractility propelled by the diffusible 

crosslinker anillin. In this thesis, I showed that actin filaments are capable of moving along each 

other directionally in the absence of molecular motors, replaced with anillin.  

The filaments were, in most cases, 5 to 25 µm in length, while the length depends on the 

actin polymerisation, in other words, on the concentration of free actin molecules in the solution. 

The visualisation of anillin-actin interactions was carried on simultaneously in channels with 

excitation wavelengths of 488 nm (GFP channel) and of 561 nm (TRITC channel). All the images 

were taken by continuous switching between the two lasers and by the periodical movement of 

the separation filter cubes which led to no crosstalk between those channels. The position of the 

identical actin filaments in both GFP and TRITC might be moderately, but not dramatically 

different due to the fact, that the filaments are free to move, and the filters cannot be switched 

instantly. Image acquisition could be carried out by simultaneous exciting of both GFP and 

TRITC fluorophores by both 488 nm and 561 nm lasers and using a beam splitter in the imaging 

line. Although such a design would prevent position changes between the channels, the beam 

splitter available in our lab does not have appropriated parameters. It would also reduce the image 

size by a factor of 2 and, therefore, reduce the yield of the experiments.   

Rhodamine-tagged actin filaments were observed in 561 nm channel. Thanks to their low 

concentration, the individual filaments could be usually tracked. As the concentration of actin 

filaments increases, actin-anillin bundles can be formed. High concentrations of the filaments are 

thus inconvenient for single-filament tracking. Monitoring of actin filaments in the absence of 

anillin brings the results of no interaction between them (Figure 4.4). Since the addition of anillin, 

fluorescence signal became noticeable in the GFP channel. The 488 nm signal correlated with the 

561 nm signal, proving that anillin binds the filament. Interestingly enough, in the GFP channel, 

the fluorescence signal was distributed equally from one end of the filament to the other. On this 

basis, we suggest that anillin binds F-actin uniformly.  

Measuring the overlap length as a function of the time indicates that there is the exponential 

time response as show the curves in figure 4.3. In the beginning, the overlap length rapidly 

increases but the process slows down as the time pass. All of our experimental data follow a 

similar trend.  
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In cells, actin filaments dynamically polymerise as well as depolymerise. We assume that 

actin depolymerisation may positively affect the sliding of actin filaments in terms of creating 

additional space for further contraction as depicted in Figure 5.1 Our experimental data show that 

in the presence of anillin, the non-stabilised filaments slide along each other. We believe that 

further experiments based on this idea will reveal how actin disassembly influences the 

contraction rate and velocity. 

It is well known that by consuming chemical energy in the form of ATP, molecular motors 

are able to promote the dynamic movement of cytoskeletal filaments. On the other hand, it was 

shown that cytoskeletal contractions can be driven by the entropic and enthalpic forces [17]. Since 

anillin is not a molecular motor and does not consume ATP, these forces could explain the 

contractions observed in our research. 

Our in vitro experiments demonstrated that in the absence of molecular motors, actin 

filaments crosslinked by anillin slide over each other with an exponential time response. The 

overlap maximisation leads to the contraction of the bundle. Throughout the time of this process, 

the number of anillin molecules in the overlap increases linearly (Figure 4.11), suggesting that 

the contractions might be propelled by enthalpic forces produced upon binding of anillin to F-

actin. Since the number of anillin molecules is higher in the overlap compared to a single filament, 

we can also speculate that the entropic forces may drive the contraction by rectifying the thermal 

energy [17]. Future research should resolve which of these mechanisms primarily drives the 

contraction.  

We also observed in vitro formation of anillin-actin rings. By measuring the circumference 

of these rings, we analysed whether the contractions occur. Indeed, the majority of the rings in 

our experimental data constrict. The behaviour of the rings was investigated under different 

conditions. Two distinct buffers and two distinct types of actin filaments were used. Firstly, the 

rings consisting of phalloidin-stabilised filaments were experimentally studied in HEPES buffer, 

and then in general actin buffer. Secondly, the non-stabilised filaments were studied in identical 

buffers. By statistical analysis, it was proved that the behaviour of the individual contractile rings 

is consistent in both of these buffers for the same type of filaments. The rings formed by non-

stabilised filaments proceeded further with the constriction. 

It was explained above that the sliding of actin filaments driven by anillin lead to the overlap 

maximisation. We suppose that actin-anillin rings composed of several overlapping actin 
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filaments constrict in a similar fashion; the ring constricts as the bundle forming the ring contracts. 

Contractile rings formed of phalloidin-stabilised actin filaments have a lower contraction rate than 

rings assembled of non-stabilised filaments. This observation allows us to speculate that the 

constriction of the ring may depend on actin disassembly in terms of making the constriction 

easier by creating an extra space for further contraction (Figure 5.1). 

It is well known that anillin colocalises with the contractile ring during cytokinesis. A 

number of examples was shown that cellular division can proceed in the absence of myosin or 

when the myosin motor activity is impaired [10]. We demonstrated that actin contractility can be 

propelled by a non-motor (thus ATP independent) actin crosslinker anillin. The contractile forces 

observed here are complemental to the activity of molecular motors. 

 

Figure 5.1 F-actin disassembly dynamics facilitates the sliding 

The length of actin filaments decreases over time due to depolymerisation, which may create 

additional space for further contraction driven by anillin. 

  



  45 

6 Conclusions 

This work was aimed at in vitro study of interactions of actin filaments with actin cross-linker 

anillin to understand actin contractility without the participation of molecular motors.  

Using TIRF microscopy, passivated microfluidic apparatus and reconstituted actin 

filaments we have shown that anillin uniformly binds these filaments. No changes in this binding 

were observed in the course of time. In the absence of anillin, no interactions between the 

filaments were observed. Upon addition of anillin, we observed formation actin bundles, 

confirming the crosslinking ability of anillin. We also observed that partially overlapping 

filaments were sliding-on and the overlap length between them was increasing. 

To analyse the actin filaments sliding-on promoted by anillin, the overlap length between 

the filaments was directly measured. Through all of our data, the results show that the overlap 

length is an exponential function of the time, with rapid growth at the beginning and asymptotic 

slowing-down in the course of time. Subsequent quantitative analysis of the fluorescence intensity 

of GFP-anillin along the two overlapping filaments reveals that the density of anillin in the overlap 

is higher compared to the single filament by a factor of 1.6. Hence, we believe that GFP-anillin 

molecules may be confined in the overlap and can follow the characteristic behaviour of diffusible 

crosslinkers. The confinement may produce force in the direction of movement of actin filaments 

[25]. On that basis, we hypothesise that anillin is one of the actin-binding proteins which can 

harness thermal energy to generate force complementary to the myosin motors. On the other hand, 

the integrated relative intensity increases linearly as the two filaments slide along each other. 

Therefore, the number of anillin molecules scales linearly with the overlap length, suggesting that 

enthalpic forces can also contribute to the contractile behaviour. Further research should answer 

the contribution of entropic or enthalpic forces to this phenomenon.  

We were able to observe the formation and contraction of actin-anillin rings in vitro. In the 

presence of anillin, a construct of two partially overlapping actin filaments usually contracts. In 

most cases, actin rings are formed of several overlapping actin filaments. Consequently, as the 

overlap length between the adjacent filaments increases, the ring contracts. It was shown that 

contractile ring assembled of phalloidin-stabilised actin filaments has a lower contraction rate in 

contrast to the one composed of non-stabilised filaments.  
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This is why we theorise that actin disassembly plays a role in the ring contraction. Our work 

provides an explanation, why the cytokinesis may proceed when the motor activity of myosin is 

impaired. 
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Attachment A F-actin polymerisation 

Table 1: Reagents and protocol 

2x polymerisation buffer: 200mM KCl, 20 mM HEPES, pH 7.0 

G-actin (4.5 mg/ml) 

Rhodamin-phalloidin (125 µM in methanol) Sigma 
 

1. Freshly resuspend dry rhodamin-phalloidin aliquot in 2 µl methanol. 

2.  21.7 µl H2O 

 + 25 µl 2x polymerisation buffer 

 + 1.3 µl G-actin (4.5 µg/ml) 

 + 2 µl rhodamin-phalloidin in methanol (final 5 µM) 

3.   Incubate over night at 4°C 

For an assay dilute approximately 1:10 
 

 



 

  

 

Attachment B F-actin polymerisation (Cytoskeleton Inc.) 

Table 2: Reagents and protocol 

General Actin Buffer (5 mM Tris-HCl pH 8.0, 0.2 mM CaCl2) 

Muscle actin (10 mg/ml in General Actin Buffer and 0.2 mM ATP, 5% (w/v) 
sucrose and 1% (w/v) dextran) 

10x polymerisation buffer (500 mM KCl, 20 mM MgCl2, 10 mM ATP) 

ATP 100 mM solution 

 

Mix the 
reagents: 4 µl G-actin 

 96 µl GAB 

 0.5 µl ATP 

 10 µl 10x polymerisation buffer 

For an assay dilute approximately 1:15 
 

 

  



 

  

 

Attachment C Imaging buffer for F-actin 

Table 3: Reagents 

Volume Reagent Stock Final 

890 µl HEPES 1x  

10 µl DTT 1 M 10 mM 

10 µl D-glucose 2 M 20 mM 

10 µl Tween20 10% in 
BRB80 0.1% 

50 µl Casein 10 mg/ml 0.5 mg/ml 

10 µl ATP 100 mM 1 mM 

20 µl Glucose Oxidase and Catalase (10 µl of each, added later) 

1000 µl Final 
Volume 

 

 

  



 

  

Attachment D Imaging buffer with Oxygen Scavenger (always prepare fresh) 

Table 4: IB OxSc 

Volume Reagent Stock Final 

49 µl IB 1x  

0.5 µl Glucose 
oxidase 

22.4 mg/ml 0.22 mg/ml 

0.5 µl Catalase 2 mg/ml 0.02 mg/ml 

50 µl Final Volume 
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