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Sammanfattning 

Abstract 
 Seawater and wastewater all around the world contain toxins and pollutants, not the least drug residues, including hormones 

which disturb the ecosystems and antibiotics with growing multi-drug resistance of bacteria as a result. The effects on 
ecosystems and mankind can be severe and with this general fact the need for proper analysis devices increases. This has 
promoted further studies to establish devices for detection of analytes with high selectivity and high sensitivity. In this thesis I 
present a unique device exploiting capture of antigen on antibody conjugated actin filaments and subsequent transportation 
of the antigen in Baltic Sea water using heavy meromyosin (HMM) motor fragments from muscle myosin. The model-antibody, 
anti-rIgG, used in the study, was covalently attached to the actin filaments, capturing a model-analyte, rIgG that was dissolved 

in the Sea water. Furthermore, the effect of Baltic Sea water on HMM propelled actin filament transportation in the in vitro 
motility assay was studied. An effect was observed with Baltic Sea water, supplemented w ith standard adenosine 5’-
triphosphate (ATP) and oxygen scavenger systems, reducing the sliding velocity by approximately 80%. However the effect was 
reversible which is of great advantage in relation to the development of a future biosensor device incorporating actomyosin 
driven transports. Additionally, evidence was found that the substance A slightly enhanced the function of the proteins when 
stored on a motility assay surface at 4-8 °C for up to ten days, of value for practical applications of a potential biosensor 
device. The results demonstrate the potential that antigen from sea water could be captured and transported by actomyosin 
to certain detector areas and eventually become concentrated which would increase the sensitivity of the device.  
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Abstract 

Seawater and wastewater all around the world contain toxins and pollutants, not the least drug 

residues, including hormones which disturb the ecosystems and antibiotics with growing multi-drug 

resistance of bacteria as a result. The effects on ecosystems and mankind can be severe and with this 

general fact the need for proper analysis devices increases. This has promoted further studies to 

establish devices for detection of analytes with high selectivity and high sensitivity. In this thesis I 

present a unique device exploiting capture of antigen on antibody conjugated actin filaments and 

subsequent transportation of the antigen in Baltic Sea water using heavy meromyosin (HMM) motor 

fragments from muscle myosin. The model-antibody, anti-rIgG, used in the study, was covalently 

attached to the actin filaments, capturing a model-analyte, rIgG that was dissolved in the Sea water. 

Furthermore, the effect of Baltic Sea water on HMM propelled actin filament transportation in the in 

vitro motility assay was studied. An effect was observed with Baltic Sea water, supplemented with 

standard adenosine 5’-triphosphate (ATP) and oxygen scavenger systems, reducing the sliding 

velocity by approximately 80%. However the effect was reversible which is of great advantage in 

relation to the development of a future biosensor device incorporating actomyosin driven transports. 

Additionally, evidence was found that the substance A slightly enhanced the function of the proteins 

when stored on a motility assay surface at 4-8 °C for up to ten days, of value for practical applications 

of a potential biosensor device. The results demonstrate the potential that antigen from sea water 

could be captured and transported by actomyosin to certain detector areas and eventually become 

concentrated which would increase the sensitivity of the device.  
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Acronyms and abbreviations 

a40  Standard assay solution with ionic strength 40 mM 

a60  Standard assay solution with ionic strength 60 mM 

ABPs Actin binding proteins  

ADP Adenosine 5’-diphosphate 

anti-rIgG Secondary antibody that binds rIgG 

aMC130  Standard assay solution with ionic strength 130 mM, containing methyl cellulose (MC)  

APh  Alexa fluor® 488-phalloidin 

ATP  Adenosine 5’-triphosphate 

BSA  Bovine serum albumin 

BW  Baltic Sea water 

DTT Dithiothreitol 

F-actin Filamentous actin (polymer) 

FITC Fluorescein isothiocyanate 

G-actin Globular actin (monomer) 

GOC  Oxygen scavenger system containing glucose, glucose oxidase and catalase 

HMM Heavy meromyosin 

IVMA  In vitro motility assay 

L65  LISS based solution with ionic strength 65 mM 

LISS  Optimized biological buffer with low ionic strength (LISS; low ionic strength solution) 

Pi Inorganic phosphate 

RhPh  Rhodamine-Phalloidin 

rIgG  Rabbit IgG 

SD Standard deviation 

Substance A Enhance protein function  

TMCS  Trimethylchlorosilane 

TRITC Tetramethyl rhodamine isothiocyanate 
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 1  Introduction 
1.1 Background 

Miniaturization and increased detection rate are factors that would benefit biosensor systems, as 

well as independence from external pumps or other bulky equipment. However miniaturization of 

detector areas often leads to a slower detection rate since it generally comes along with a limited 

diffusion driven mass transport as well as limited flow into the sensor. One solution for this could be 

to use molecular motor proteins as important components e.g., for miniaturized separation (Kumar 

et al., 2012) and facilitated transportation of the analyte to a detector site (Katira & Hess 2010, 

Korten et al., 2010). This analyte transport would improve the signal to noise ratio (Sheehan & 

Whitman 2005) and the detection rate since the analyte of interest could be captured from the 

solution over large surface areas and then be transported to the detector area where it eventually 

becomes heavily concentrated (Lin et al., 2008, Lard et al., 2013). The idea of using biomolecular 

motor proteins for mass transport in biosensor devices finds inspiration from intracellular transport, 

e.g., the knowledge that certain viruses can travel along the filaments inside the cell, from the 

periphery to the nucleus (Katira & Hess 2010). Biomolecular motor proteins (e.g., the microtubule-

kinesin system and actin-myosin system) have several characteristics which tend to make them 

superior to synthetic motor proteins. These characteristics include high efficiency, capacities for high 

force development and high speeds by advanced hierarchical organization, sophisticated mixed 

functionalities and complex movement patterns. Biomolecular motors use ATP as energy source and 

transform it into mechanical work (Vale & Milligan 2000, Lee Sweeney & Houdusse 2010). Until now, 

the microtubule-kinesin system has been the most frequently studied molecular motor system 

related to motor driven lab-on-a-chip applications but as the results yield an unsatisfying analyte 

detection rate, which do not compete with the rate of already existing biosensors, the focus is now 

heading for alternatives. One of these alternatives is the actin-myosin system from muscle where 

recent studies have provided evidence for a fast detection rate, making further studies interesting 

(Korten et al., 2010, Kumar et al., 2012, Lard et al., 2013).  

The movement pattern of motor proteins that propel filaments can be observed using fluorescence 

in a widely used technique, the in vitro motility assay (IVMA; Sheetz & Spudich 1983, Kron & Spudich 

1986, Harada et al., 1990, Kron et al., 1991). In the IVMA, fragments of motor proteins are adsorbed 

to the surface of a flow cell, generally due to surface hydrophobicity and electrostatic interactions. 

The best motility for the actin-myosin system is obtained on surfaces with high contact angle and a 

slightly negative surface charge (Sundberg et al., 2006a, Albet-Torres et al., 2007, Persson et al., 

2010) which is optimal due to a sufficient surface attachment of myosin motor fragments (heavy 

meromyosin, referred to as HMM henceforth) with appropriate orientation. In early studies using the 

IVMA the surfaces were covered with nitrocellulose to achieve this (Kron & Spudich 1986, Kron et al., 

1991) but later studies show that trimethylchlorosilane (TMCS) derivatized-surfaces yield a more 

optimal adsorption of HMM and a higher velocity in the IVMA (Sundberg et al., 2003, Månsson et al., 

2004). Månsson and co-workers as well as Nicolau and co-workers have performed a number of 

studies to clarify the relationship between HMM-induced velocity, contact angle, surface charge and 

roughness (Sundberg et al., 2003, Sundberg et al., 2006a, Albet-Torres et al., 2007, Nicolau et al., 

2007, Månsson et al., 2008, Albet-Torres et al., 2010, Persson et al., 2010, Månsson 2012, van Zalinge 
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et al., 2012). The interaction between actin and myosin has further been investigated in detail at 

single molecule level (Ishijima et al., 1991, Finer et al., 1994, Finer et al., 1995). 

The actin-myosin system has been used in nanoengineered environments for various 

nanotechnological applications (Bakewell and Nicolau 2007, Agarwal and Hess 2010, Korten et al., 

2010, Månsson 2012). Specific detection schemes have been designed, unique to molecular motors, 

where antibodies or other recognition elements are attached to motor propelled cytoskeletal 

filaments allowing transportation as well as concentration of antigen (cf. discussion in Korten et al., 

2010). Lithography methods have been used to pattern surfaces with HMM for later guidance of 

actin filaments in the IVMA (Suzuki et al., 1997, Bunk et al., 2003, Bunk et al., 2005, Manandhar et 

al., 2005, Sundberg et al., 2006b), steering of microtubule using kinesin (Lin et al., 2008) or guidance 

of actin filaments using HMM in an induced electric field (Riveline et al., 1998). Transportation of 

nanoscale cargoes using molecular motors has been developed in the recent decade. For instance 

Hess et al., (2001) and Månsson et al., (2004) performed studies using the IVMA where microtubules 

or actin filaments, that were propelled by kinesin and HMM respectively, transported streptavidin-

attached cargoes. The actin-myosin motor system has the capability to transport analyte faster and 

has also a lower flexural rigidity compared to the microtubule-kinesin system which enhances the 

capability of miniaturization. Further, antibodies can be covalently attached to actin filaments for 

antigen capture and transport. These results argue against the previously disputed difficulty 

regarding covalent modification of actin filaments and the possible effects of such modification on 

motility. In the presence of ATP, the antibody-conjugated filaments can move across the surface by 

the force from coordinated motor fragments (Kumar et al., 2012). 

There is considerable interest in detecting a number of toxic and other environmentally detrimental 

components in sea water. This includes detection of cyanobacterial toxins (Devic et al., 2002, Stevens 

et al., 2007, Zielinski et al., 2009, Dubois et al., 2010) and pollutants (e.g., heavy metals and drug 

residues, including hormones and antibiotics; Zielinski et al., 2009, Sanvicens et al., 2011). With 

regard to cyanobacteria, these produce harmful algae blooming (Scoging 1998, Aráoz 2010) and 

toxins that are poisonous at very low concentrations, causing food poisoning. The extended drug 

consumption in the society results in an increase of drug residues in the environment. This includes 

hormones and antibiotics which lead to a disturbed ecosystem and multi drug-resistant bacteria 

respectively (Sanvicens et al., 2011). This makes it even more important to set up reliable, fast and 

sensitive marine biosensors, e.g., enzyme-linked immunosorbent assay (ELISA; Dubois et al., 2010), 

surface plasmon resonance (SPR; Stevens et al., 2007) and amperometric immunosensor (Tong et al., 

2011).  

A unique biosensor principle, based on the transportation of actin filaments on HMM-covered 

surfaces, is to observe multiple transport, both antigen (bound to antibodies on the actin filament) 

and fluorescence labeled actin filament (Korten et al., 2010, Kumar et al., 2012). Another approach is 

to concentrate the antigen using analyte transport, performed by the actin-myosin system, to 

specific detection regions which eventually concentrates the analyte, decreases the detection limit 

and increases the signal to noise ratio. Here, I intend to examine if an actin-myosin-based biosensor 

has the potential to compete with the already mentioned methods. Particularly I will focus on 

investigating how the actomyosin motor system behaves in Baltic Sea water as well as in the 

presence of substance A which is known to enhance the protein function (personal communication 

with prof. Alf Månsson, Linneaus University, Kalmar, Sweden). 
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1.2 Aim 
The aim of this thesis is to examine the practical applications of an actomyosin-based biosensor 

system. The work will contribute to clarifying if it is possible to perform IVMAs with actomyosin using 

Baltic Sea water and to detect and transport antibody and antibody captured antigen. The protein 

function over time will be evaluated by adding substance A to the biosensor system. Any possible 

effect that the substance will have on the binding between antibody and antigen will also be 

evaluated. The experiments will be performed using a fluorescence microscope and image sequences 

will be collected using a sensitive EMCCD (electron multiplier charged coupled device) camera.  
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 2  Theory 
2.1 Skeletal muscle 

Skeletal muscle, together with cardiac muscle constitutes the striated muscles named for the 

appearance of cross-striations in the light- and electron microscope. Skeletal muscle consists of 

multinucleated muscle fibers which in turn are built up by myofibrils (Widmaier et al., 2008). The 

latter consist of repeating sequence of sarcomeres which are the contractile units of striated 

muscles. The sarcomere is illustrated in figure 1 and mainly consists of thick and thin filaments. The 

thick filaments consist of myosin molecules and the thin filaments by actin, tropomyosin and 

troponin. One sarcomere is defined as the area in between two Z-discs and to these discs the thin 

filaments are connected directly while the thick filaments connect to the Z-discs via large thin elastic 

proteins, titin. Important roles of titin include keeping the thick filaments centered in the sarcomere 

and avoiding overextension during muscle contraction. Nebulin, another protein present in the 

sarcomere, embraces thin filaments and regulates the protein assembly by controlling filament 

length (Cooper 2000b). The M-line of the sarcomere represents the center of thick filaments as well 

as for the whole sarcomere. The area around M-line, with no connection between thick and thin 

filaments, is denoted the H-band. The A-band is the total distance along the sarcomere with thick 

filaments while the I-band is the part of the sarcomere closest to the Z-band without thick filaments 

(Cooper 2000b, Widmaier et al., 2008). The myosin molecules in the thick filaments have reversed 

orientation in the sarcomere on each side of the M-line corresponding to a reversed polarity of the 

actin filament on the two ends of the sarcomere (Cooper 2000b). 

 

Figure 1: Sarcomere schematically illustrated in relaxed condition. Thin filaments marked in blue and thick filaments in 

black. The thick filaments are connected to Z-discs via spring-like titin molecules (red springs). The H-band marks the area 

between thin filaments inside the sarcomere and the A-band marks the total length of thick filaments while the I-band 

marks the total distance without those filaments with the Z-discs at the midpoint. The M-line represents the middle of the 

sarcomere and Z-discs marks the sarcomere end points. 

A muscle contraction initiates by an action potential, from a nerve cell connected to the muscle cell, 

with a subsequent release of Ca2+ in the cytosol. The free Ca2+ affects tropomyosin and troponin 

along actin filaments to undergo structural conformational changes to expose the myosin binding 

sites. The thick filaments then have the ability to connect to myosin binding sites on actin filaments 

via extending units (myosin heads) forming so-called cross-bridges (Ebashi et al., 1967, Lehman et al., 
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1994). In cyclic interactions, these cross-bridges undergo structural changes, power strokes, (see 

further in section 2.4) causing relative sliding movements between the thick and thin filaments which 

correspond to muscle contraction. This contraction may result in a shortening of the muscle and for 

that situation also a reduction of H-and I-bands (figure 2; Cooper 2000b, Widmaier et al., 2008). 

 

Figure 2: Schematically illustration of the sarcomere in contracted state. The thick filaments slide in between thin filaments 

and contract the sarcomere, indicated by the green arrows. In total the H- and I-bands become narrower (areas marked in 

green). 

2.2 Actin 
Actin is an abundant protein present in almost all eukaryotic cells with an amino acid sequence 

hardly changed during evolution for reasons not fully understood. In mammals there are several 

isoforms of actin, structurally very similar, sub-divided on basis of their different isoelectric points. 

The isoform α-actin dominates in heart, skeletal and smooth muscle cells whereas β- and γ-actin are 

more abundant in non-muscle cells linked to the cytoskeleton. Actin is synthesized as a single 

polypeptide, consisting of 375 amino acids with a molecular weight of approximately 42 kDa. After 

protein synthesis the peptide folds into G-actin (globular actin, monomer) containing two main 

domains divided by a cleft that binds ATP and catalyzes its hydrolysis. The two main domains are 

each divided into two subdomains. In the presence of ATP and both monovalent and divalent cations, 

usually K+ and Mg2+, G-actin monomers reversibly polymerize into F-actin (F for filamentous; Alberts 

et al., 1994, Becker et al., 2009, Hild et al., 2010). The polymerization is driven by electrostatic and 

hydrophobic interactions between structurally polar G-actin monomers linked together “head-to-

tail” as well as sideways (Hild et al., 2010, Schoenenberger et al., 2011). The process consists of 

several phases (figure 3), firstly the nucleation phase where a few monomers assemble into a 

nucleus, the initiation of a filament. In the subsequent phase, elongation, several monomers 

assemble at the two ends of the nucleus, mainly at the plus end. At the point when there is a net 

assembly/disassembly at the two F-actin ends the steady state of the filament is reached with time-

invariant filament length. F-actin has, due to the polarity along the polymer, structurally different 

ends called barbed respectively pointed end (based on the appearance in the electron micrographs 

as a series of unipolar arrowheads when myosin subfragments are added to the actin filament). The 

barbed end is also denoted the “plus end” due to rapid assembly of monomers but slow disassembly. 

The pointed end is also denoted the “minus end” due to a tendency for the filament to shrink at this 

end (Alberts et al., 1994, Becker et al., 2009, Lee & Dominguez 2010, Schoenenberger et al., 2011).  
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Figure 3: Schematic illustration of the polymerization of F-actin, starting with a nucleation followed by an elongation into a 

final steady state. G-actin (blue ellipses) bound to either ATP (red small spheres) or ADP (adenosine 5’-diphosphate; black 

small spheres) start the polymerization in nucleation phase.  

Structurally, F-actin consists of polar monomers forming a polar right-handed helix with a filament 

width of 7 – 10 nm and up to several tens of micrometers in length (Korn 1982, Cooper 2000a, Hild et 

al., 2010). The knowledge about the conformational dynamics of cytosolic actin is limited. This is due 

to a continuous change in actin conformation depending on actin binding proteins (ABPs) making it 

difficult to define one conformation of actin. An ensemble of states will instead give the best picture 

of the protein conformation (Galkin et al., 2010, Hild et al., 2010). Actin filaments are important 

components in muscle contraction as well as key structural elements of the cytoskeleton. The 

cytoskeleton is involved in a range of critical cellular phenomena including intracellular transport, 

endo- and exocytosis, cell migration, adhesion and division (Alberts et al., 1994, Cooper 2000a, 

Becker et al., 2009, Hild et al., 2010). Numerous diseases have been coupled to abnormal regulation 

of cytoskeleton components including cardiomyopathies, cancer and neurological disorders (Galkin 

et al., 2010, Lee and Dominguez 2010). Actin is also present in the cell nucleus where it may be 

involved in protein transcription, signal transduction and chromatin remodelling (Hild et al., 2010). 

The steady state of actin filament elongation/depolymerization is described in detail in figure 4. At 

the barbed end G-actin, generally with bound ATP (dissociation constant Kd= 10-10 M), assembles 

rapidly and disassembles slowly whereas at the pointed end G-actin with ADP (adenosine 5’-

diphosphate; Kd=10-8 M) rapidly disassembles and slowly assembles (Hild et al., 2010). The G-actin 

functions as an ATPase which catalyzes the hydrolysis of ATP to ADP a process that is appreciably 

accelerated after incorporation of G-actin into filaments. Following hydrolysis, ADP is trapped inside 

the polymer. The fact that the polymerization of F-actin occurs five to ten times faster at the barbed 

end compared to the pointed end means that the filament tends to move in the barbed end direction 

(Alberts et al., 1994, Becker et al., 2009). By regulating the ionic strength of the solution, the 

equilibrium between G-actin and F-actin can be disturbed. For instance, at low ionic strengths, the 

monomers tend to detach from each other in a depolymerization process (Cooper 2000a).  
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Figure 4: The steady state of F-actin polymerization. G-actin monomers (blue ellipses), bound to either ATP (red small 

spheres) or ADP (black small spheres), assemble/disassemble with the same rate when events at both filament ends are 

added, leading to a zero net change in filament length. The pointed end is shown to the left and the barbed end to the right. 

During steady state G-actin with ATP at the active site, exhibits net assembly at the barbed end while 

G-actin with ADP exhibits net disassembly at the pointed end. This process leads to movement of all 

subunits along the filament, a process called treadmilling (Karp 2002, Hild et al., 2010, Lee & 

Dominguez 2010, Schoenenberger et al., 2011). At the time when assembly of monomers occurs at 

the same rate as the disassembly there is no net change in filament length and the critical 

concentration (Cc) of free actin monomers for polymerization is reached. Concentrations above Cc 

result in polymerization, with filament elongation, while concentrations below results in 

depolymerization. Actin with bound ADP dissociates more readily from the polymer compared to G-

actin with ATP which results in a different critical concentration for monomer assembly at the two 

ends of the polymer (Cooper 2000a). The critical concentration has been determined to 

approximately 0.1 μM at the barbed end and 0.8 μM at the pointed end (Lodish et al., 2000) but the 

exact values vary with the condition. An overall steady state for the system is reached when the 

concentration of free G-actin monomer is in between the critical concentration for the two ends 

(Cooper 2000a, Hild et al., 2010). Here it is important to note the difference between steady-state 

and equilibrium. In the present case the steady state is not at equilibrium as there is a continuous 

need of ATP to uphold the steady-state with polymer growth at one end and shrinkage at the other 

(Alberts et al., 1994, Becker et al., 2009). 

The properties and function of F-actin polymers in vivo are usually regulated by about 150 ABPs. The 

properties of F-actin polymers can vary with respect to filament length, stability and the attachment 

to different number of monomer binding proteins. The ABPs are involved in different aspects of actin 

dynamic, such as assembly of monomers including nucleation and elongation, depolymerization, 

filament bundling and capping (preventing monomer addition to one end by steric hindrance). These 

phenomena are important in functions such as cell adhesion and cell motility e.g., executed by 

lamellipodia and filopodia (Alberts et al., 1994, Cooper 2000a, Becker et al., 2009, Hild et al., 2010, 

Lee & Dominguez 2010, Schoenenberger et al., 2011). The cytosolic concentration of actin monomers 

is about 0.5 mM. Without the presence of a range of ABPs (e.g., gelsolin, profilin or cofilin) all of 

these monomers would be in filamentous form (Lodish et al., 2000). 

2.3 Myosin 
Myosin is a biomolecular motor which is a cellular machine or a device, generally formed by protein 

building blocks, that converts chemical energy, stored in the high-energy bonds of ATP, in to 

mechanical force and motion. Molecular motors can be divided into rotary (e.g., bacterial flagella) 

and linear motors (involved in cytoskeletal movements and DNA transcription or replication). The 

linear cytoskeletal biomotors are dynein, kinesin and myosin (Iyer et al., 2004). The majority of 
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motors in the kinesin family (Miki et al., 2005) move towards the plus end of microtubules while 

dynein (King 2000) moves towards the minus end. Among the myosin motors, a majority moves 

toward the actin filament plus end (Alberts et al., 1994). The properties of biomolecular motors make 

it interesting to either mimic the system or to incorporate it into different nanotechnology devices. 

Myosin type II (often referred to as myosin henceforth) is part of the myosin family, now known to 

include thousands of genes in more than thirty classes (Odronitz & Kollmar 2007) and being present 

in skeletal, cardiac, smooth and non-muscle cells (Becker et al., 2009). Myosin is of particular interest 

as it is located in skeletal muscle, making it easy to isolate in large quantities and because it propels 

actin filament at high speed (Sellers 2000). Myosin II has a molecular weight of 520 kDa (Karp 2002) 

and is the most studied protein in the myosin family (Becker et al., 2009). Each myosin molecule is 

composed of two heavy chains and four light chains (figure 5). The basis for formation of this 

heterohexamer is self-dimerization of two C-terminal α-helices, into a left handed coiled coil (Quinlan 

& Stewart 1987) forming the myosin tail. The NH2-terminal of the heavy chains folds up into two 

globular motor domains with actin binding site and ATPase activity. Each motor domain is connected 

to the tail via an α-helical, so called, “neck” or lever arm that is stabilized by one regulatory and one 

essential light chain (Berg et al., 2002). The most important function of myosin in vivo is to enable a 

sliding process of actin-, and myosin-containing filaments past each other. This process involves 

hydrolysis of ATP into ADP and generation of a mechanical force when myosin motor domains 

interact with the actin filaments in a cyclical process (Alberts et al., 1994). The need for a repetitive 

cyclical process involving a large number of myosin motors is important to maximize speed as one 

single myosin motor only translocates the actin filament about 10 nm per stroke. To achieve this, 

myosin, in vivo, often operates in large highly organized arrays (Becker et al., 2009). 

 

Figure 5: Schematic picture for myosin. The motor domain (black droplets) connects to tail domain (blue helical structure) 

via light-chain stabilized domains. The light chain binding domain, the lever arm, consists of essential (orange droplet, ELC) 

and regulatory (green droplet, RLC) light chain domains.  

2.3.1 Heavy meromyosin 

Myosin can be cleaved using a proteolytic enzyme, α-chymotrypsin, into light meromyosin (LMM) 

and heavy meromyosin (HMM; figure 6; Becker et al., 2009). HMM has a molecular weight of 350 

kDa and can be further cleaved using papain into duplicate S1 domains (motor domain and light 

chain domains) and one S2 domain (remaining tail domain; Margossian & Lowey 1982). HMM is 

widely used in the IVMA instead of myosin for visualization of actin filament transport because it has 

considerably higher solubility and transports actin filament at a higher speed than full-length myosin. 

This is probably due to an interaction between the full length myosin tail and the actin filament that 

interferes with transportation (Guo & Guilford 2004). 
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Figure 6: Schematic picture of HMM and LMM domains obtained by cleavage using α-chymotrypsin. HMM can be further 

cleaved by papain into duplicate S1 domains and one S2 domain. The S1 fragment refers to one motor domain together 

with the lever arm (red ellipse) while S2 refers to the tail domain from HMM. 

2.3.1.1 Attachment of HMM to SiO2-based surfaces 

Essential for good motility in the IVMA is to perform a successful attachment of HMM to a surface, 

e.g., SiO2-based surfaces. Studies have been performed where the motility in the IVMA has been 

evaluated for surfaces with varying negative charge and hydrophobicity. The results show that on 

surfaces with an increased negative surface charge density, HMM adsorbs predominantly via the 

positively charged actin binding site particularly at low ionic strength. This is not desirable since it will 

lead to a decreased motility due to inability of actin to bind HMM. The TMCS-based SiO2 surfaces 

have a low negative surface charge which leads to HMM adsorption mainly through the COOH-

terminal, tail domain, leaving the actin binding site of HMM free. The TMCS-derivatized surfaces 

show a good motility in the IVMA and for that reason the silanization procedure is frequently used 

for these studies (Albet-Torres et al., 2007, Albet-Torres et al., 2010). 

2.4 Actomyosin 
During muscle contraction and in the IVMA, myosin motor domains connect cyclically to actin 

filaments, forming so called actomyosin cross-bridges. During each interaction, the cross-bridge 

executes a power stroke thereby utilizing the energy stored in ATP to move actin filaments (figure 7). 

There are still uncertainties regarding the details of how the actomyosin cross-bridges work. 

However, briefly, subsequent to the power stroke, when myosin is strongly bound to actin forming a 

cross-bridge, myosin binds ATP which promotes dissociation from the actin filament as well as 

reorientation of the lever arm to a pre-power stroke position. Myosin then, following hydrolysis of 

ATP with the hydrolysis products still bound to the myosin active site, loosely connects to the actin 

filament (forming a weakly bound cross-bridge). This is followed by an increased affinity between 

myosin and the actin filament and a power stroke, corresponding to a swing of the lever arm, 

associated with release of inorganic phosphate (Pi). After the power stroke, ADP is released and if 

ATP is present, it rapidly binds to the myosin active site strongly reducing actin affinity and initiating 

a new cycle. The actomyosin system requires ATP to perform a contractile cycle but also for myosin 

to dissociate from actin filament after the power stroke. The dissociation occurs due to a low affinity 

between actin and myosin in the presence of ATP and when the lever arm is in relaxed state. This 

step is important because otherwise the system will remain bound in a stiff state, a condition called 

rigor mortis. It takes approximately 50 ms, on average, for actomyosin to perform one cross-bridge 

(ATPase) cycle. The velocity of actin filament transportation relates to the length of the lever arm on 
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myosin, where a longer arm yields a higher velocity (Berg et al., 2002, Karp 2002, Geeves et al., 2005, 

Widmaier 2008). 

 

Figure 7: Schematic illustration of the actomyosin cross-bridge cycle with only one of the myosin heads shown. 1) A 

reorientation of the lever arm on myosin occurs from the release of ADP (from previous cycle). 2) ATP binds to myosin 

followed by dissociation from the actin filament as well as a swinging of the lever arm back to a pre-power-stroke position. 

3) Phosphorylation of ATP. 4) Myosin binds to actin filament and Pi (inorganic phosphate group) releases closely associated 

to the force-generating structural change (the power stroke). 5) Reorientation of the lever arm which fulfills the power 

stroke and moves the actin filament (illustrated by the black filled arrow). 6) Release of ADP and a slightly reorientation of 

the lever arm. 

Molecular motors can either be processive, taking several steps along their track (e.g., kinesin/dynein 

on microtubule) before detaching or non-processive, taking just one step (e.g., myosin II on actin 

filaments). The degree of processivity is related to the ratio between the rate constant of ADP 

release and the rate-limiting step of the ATPase cycle which is close to one for processive motors and 

less than one for motors that are non-processive (Endow & Barker 2003). Myosin II is a non-

processive motor protein which means that several motors need to work in teams when transporting 

actin filaments to always keep one myosin protein attached along the actin filament to prevent the 

filament from diffusing away (Karp 2002). Importantly, the fact that myosin is non-processive forms 

the basis for a capacity to generate high transport velocities.  

2.5 In vitro motility assay 
The IVMA is a widely used fluorescence microscopy based technique to visualize the motor-protein-

driven transport (Kron et al., 1991). The transportation process is performed by the work of motor 

fragments (e.g., heavy meromyosin), adsorbed to a surface, which propel cytoskeletal filaments (e.g., 

actin filaments) using energy from ATP turnover (figure 8). For HMM propulsion of actin filaments, 

this process conveniently occurs in a flow cell constructed by a TMCS-derivatized SiO2-surface 

coverslipped on top of another cover glass with e.g., double-sided sticky tape as spacers (figure 8, 

upper part of the picture). The IVMA is performed in a flow cell with several solutions and systems 

added in sequence, for details see segments below, to obtain a proper motility.  
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Figure 8: Schematic picture of the IVMA performed in a flow cell. The upper part of the picture represents a flow cell with a 

cover glass (18x18 mm) coverslipped on a TMCS-derivatized surface (24x60 mm) via two double-sided sticky tapes. The 

lower part of the picture illustrates the transportation of actin filaments (blue structures) by adsorbed myosin motor 

fragments on a TMCS-derivatized surface. 

2.5.1 Conjugation of antibody to G-actin 

A conjugation of antibody to G-actin enables the actin filament to capture and transport an antigen 

from solution. The conjugation process, performed with coworkers, involved heterobifunctional 

cross-linkers (C6-SANH and C6-SFB) which means that they will not cross-react with each other, 

forming conjugates of actin or antibodies themselves (figure 9). The cross-linkers react with amino 

groups on lysines along the filament and do not react with other functional groups (Kumar et al., 

2012). 

 

Figure 9: A schematic picture depicting the cross-linking process. Actin is shown to the left and coupled to the linker C6-

SANH (step i), while antibody is shown to the right and connected to the linker C6-SFB (step ii), both through a reaction with 

primary amines of lysines. The linkers then connect to each other and form a bis-aryl hydrazone bond (step iii-v; figure 

adapted from Kumar et al., 2012). 
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2.5.2 Blocking systems 

2.5.2.1 Bovine serum albumin  

Bovine serum albumin (BSA), frequently used in the IVMA, is added to the flow cell closely after 

HMM. The purpose is to block nonspecific actin adsorption to surface regions with no HMM 

molecules (Kron et al., 1991, Manandhar et al., 2005, Byun et al., 2007). 

2.5.2.2 Actin 

The actin solution with blocking properties (blocking actin) contains non-fluorescent F-actin (see 

further in Appendix 2) with the purpose of blocking any rigor-like, non-functional, HMM heads on the 

TMCS surface before adding the fluorescent F-actin and assay solution (Albet-Torres et al., 2007). 

2.5.3 ATP regenerating system 

The ATP-regenerating system consists of creatine phosphokinase (CK) and phosphocreatine disodium 

salt (CP). CK is an enzyme, normally present in skeletal muscle, that is used in the IVMA for its ability 

to reversibly catalyze the reaction of ADP and CP into ATP and creatine (Teixeira & Borges 2012). For 

prolonged experiments it is beneficial to use this regenerating system as actomyosin consumes ATP 

with accumulation of ADP during the IVMA. 

2.5.4 Oxygen scavenging system 

The glucose-oxidase-catalase (GOC)-system is frequently used in molecular motor applications. This 

system contains glucose, glucose oxidase and catalase with the role of reducing the photobleaching 

of fluorophores during illumination of the sample. This is done by catalytic scavenging in the assay 

solution. Another anti-bleaching component with anti-oxidative effect is the reducing agent, 

dithiothreitol (DTT; Kron et al., 1991). In addition to these precautions oxidative photobleaching is 

counteracted by degassing the solutions prior to use. 

2.5.5 Sea water 

The water coverage on earth is around 71% with the majority being attributed to the oceans 

(Pidwirny, The encyclopedia of earth, 2010)1. The seas have a varying salinity with a lower range of 

0.6-0.8% which is the case for Baltic Sea water (often referred to as BW). The most common ions 

constituting to this salinity are Cl-(55%), Na+(30%), SO4
2-(7.5%), Mg2+(3.5%), Ca2+(1%) and K+(1%; 

Afflux Water)2. Present in sea water and waste water are among others antibiotics, pollutants, 

hormones (Sanvicens et al., 2011) as well as cyanobacteria which can produce lethal toxins including 

cytotoxins, hepatotoxins and neurotoxins (Aráoz et al., 2010). 

2.5.6 Substance A 

Substance A is light sensitive and known to enhance protein function after inactivation (personal 

communication with prof. Alf Månsson, Kalmar Linneaus University, Sweden). This is interesting for 

long-storage purposes of a device which otherwise would not be possible.  

2.6 Fluorescence microscopy 
Fluorescence microscopy is a widely used microscopy technique, based on the ability to collect and 

direct the illumination using lenses and mirrors as well as sort out specific wavelengths through 

filters (figure 10). From a light source the wavelengths (λ) are collected by a lens and redirected to an 

                                                           
1
 http://www.eoearth.org/article/Ocean  collected 130510 

2 http://www.affluxwater.com/fragor-svar/allt-om-vatten/salthalt  collected 130523 

http://www.eoearth.org/article/Ocean
http://www.affluxwater.com/fragor-svar/allt-om-vatten/salthalt
http://www.affluxwater.com/fragor-svar/allt-om-vatten/salthalt
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excitation filter with transparency for a limited range of wavelengths Δλa, the wavelengths of interest 

for excitation. These particular wavelengths hit the dichroic mirror and reflect towards the sample. In 

the sample the fluorophores absorb the energy, becomes excited and subsequently emits light in all 

directions with longer wavelengths (Δλb). Some of the emitted light hits the dichroic mirror which is 

transparent to wavelengths in the Δλb-range and reflective to wavelengths around λa. The emitted 

light that passes the dichroic mirror is then passing a selective emission filter and detected by a 

sensitive camera positioned 90° from the light source to minimize the contribution from leakage of 

excitation light to the fluorescence background (Wilson & Walker 2010). 

 

Figure 10: Schematic picture of a fluorescence microscope. From the light source the wavelength passes a lens, an 

excitation filter and reflects at the dichroic mirror towards the sample. The fluorescence then passes through the dichroic 

mirror, the emission filter and then detects by a CCD-camera. 

2.6.1 Fluorophores 

Fluorophores are widely used in life science to mark substrates to either follow a movement, observe 

conformational changes or the presence/absence of a molecule in certain materials or areas. 

Fluorophores can be divided into two groups, intrinsic and extrinsic. Intrinsic fluorophores, e.g., 

tryptophan, are amino acids normally present in proteins and e.g., used to observe conformational 

changes of a protein. Extrinsic fluorophores, e.g., rhodamine and alexa, are normally used to mark 

non-fluorescent samples. The excitation and emission band for fluorophores are very precise (Wilson 

& Walker 2010). 

2.6.1.1 Phalloidin 

Phalloidin is a bicyclic peptide derived from the death cap, Amanita phalloides, that binds actin 

filament with high affinity Kd ~ 10-8. It thereby reduces the rate of Pi dissociation from the actin 

monomer and prevents depolymerization (Kron et al., 1991, Hild et al., 2010). In fluorescence 

microscopy studies it is of interest to use phalloidin bound to a fluorophore to label actin filaments 

with high selectivity (Cooper 2000a, Becker et al., 2009).  
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2.6.1.2 Rhodamine-phalloidin 

Tetramethylrhodamine (TRITC) is a fluorescent dye which can be covalently linked to phalloidin 

forming a rhodamine-phalloidin (RhPh) complex with the molecular weight of 1250 g/mole. 

Rhodamine has excitation/emission wavelength maxima at 540 and 565 nm, respectively (Invitrogen 

– Molecular Probes, Eugene, USA). The system has a high affinity for actin filaments and in a 

fluorescence microscope the dye can be visualized through a TRITC filter. RhPh is widely used as 

fluorescent probe in actin filament studies (Manandhar et al., 2005, Persson et al., 2010, Takatsuki et 

al., 2010). 

2.6.1.3 Alexa fluor ® 488 phalloidin 

Alexa Fluor® 488 is a fluorescent dye conjugated to phalloidin forming Alexa Fluor® 488 phalloidin 

(APh) complex with the molecular weight of 1320 g/mole. Alexa Fluor® 488 has excitation/emission 

wavelength maxima at 495 and 518 nm, respectively (Invitrogen – Molecular Probes, Eugene, USA). 

The system has a high affinity for actin filaments and in fluorescence microscope the dye can be 

visualized through a FITC (fluorescein isothiocyanate) filter. The conjugated fluorophore APh is widely 

used as fluorescent probe in actin filament studies (Kumar et al., 2012, Persson et al., 2013). 
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 3  System and process 
3.1 General approach 

At project start anti rabbit IgG (anti-rIgG) was covalently linked to actin filaments, performed 

together with coworkers. Subsequently the motility of actin filaments on TMCS-derivatized surfaces 

was evaluated by comparing standard assay solutions to assay solutions with different dilutions of 

BW. In parallel, the protein function was evaluated over time using substance A. Lastly antigen 

detection was performed either in diluted BW, in the presence of substance A or in the presence of 

both BW and substance A.  

3.2 Flow plan 
Initially in the project a flow plan (figure 11) was set with a preliminary time distribution on each task 

together with each deadline. The main tasks were set to project report, laboratory work, final 

presentation and deadlines. 

 

Figure 11: The project plan initially set for the project with tasks separated by colors. The main tasks were set to project 

report (blue), laboratory work (purple), final presentation (green) and deadlines (red). 

The flow plan was continuously adjusted during the project due to unpredictable time requirement 

(figure 12). The time distribution, organization of tasks and some deadlines were changed. 
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Figure 12: The executed flow plan for the project marked with different colors for each task. The main tasks were set as 

project report (blue), laboratory work (purple), final presentation (green) and deadlines (red).  
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3.3 Risk analysis 
The potential risks for the project were surveyed and a probability (1-5, with 5 as highest) for the risk 

to happen was set and the consequence (1-5, with 5 as highest) that it would bring. The risk factor 

was set to the product of the probability and the consequence factor. For each risk prevention and 

correction actions were suggested (table 1). 

Risk 
Probability 

(1-5) 
Consequence 

(1-5) 
Risk factor 

(1-25) 
Prevention and correction 

Run out of materials 
(proteins, fluorophores, 
chemicals, surfaces) 

2 4 8 

Unlikely to occur. The PhD students will prepare 
fresh material close to project start. Other 
materials will be ordered in advance if needed. 

The fluorescence 
microscope gets fully 
booked 

1 3 3 

Unlikely to occur since the access to the 
microscope is limited to a small group with only 
a few performing any laboratory work during this 
semester. If a double booking does occur, the 
experiments will be postponed. 

Broken equipment or 
yielding inadequate 
measurements 

2 4 8 

If this occurs the equipment can hopefully be 
repaired quickly and in the meantime other 
research groups will be asked to share their 
equipment. 

Difficulties when 
collecting BW during 
winter time 

2 3 6 

This could be a problem. The collection of water 
samples will be performed on warmer days if 
possible. 

Unforeseen 
complications using BW 
and/or substance A in 
solutions 

3 3 9 

No previous studies have been performed using 
actomyosin in BW or any detailed studies using 
substance A. Initially test experiments will be 
performed to clarify the behavior of the system. 
The results will be evaluated and the 
experiments will then proceed. 

Unfunctional proteins 2 3 6 
The proteins that will be used have been 
evaluated previously by PhD students and yield a 
proper motility. 

Insufficient labeling of 
RhPh-actin 

2 4 8 

Labeling of actin with RhPh takes one day and is 
prepared in stock solutions that will last for a few 
weeks. If the labeling is insufficient the 
experiment cannot proceed the same day. 

Stock solutions not 
working 

3 3 9 

Test experiments will be performed early in the 
project to determine the quality of the solutions 
prepared. If no good motility can be obtained 
troubleshooting will be performed and the 
solutions remade. 

Assay solutions not 
working 

2 3 6 

Assay solutions with no proper motility in the 
IVMA needs to be remade before the 
experiments can proceed. Initially at all 
experimental days a standard assay solution is 
tested to confirm the quality of the solutions 
prepared that day. 

Inadequate 
communication or 
guidance of supervisor 

2 3 6 
Continuous meetings will be held combined with 
continuous updating to maintain a good 
communication.  

The time plan will not be 
fulfilled 

3 3 9 

Initially a preliminary time plan will be set which 
will continuously be updated. If tasks are not 
possible to complete these will be discussed with 
the supervisor. 

Table 1: The table indicates the potentially highest risks during the project with suggested preventions and corrections for 

each risk.  
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During experiments, a few potentially poisonous chemicals have been handled. Phalloidin which 

binds tightly to actin filaments has been used together with fluorophores, in low concentration not 

dangerous to humans. During labeling of actin filaments a buffer containing NaN3 has been used. This 

buffer has been prepared by coworkers and during handling proper safety precautions have been 

taken. A solution containing NaN3 is poisonous when heated, which was avoided, and irritant to the 

skin. Dimethyl sulfoxide (DMSO), used in several experiments, easily enters the skin. However, this 

chemical was not used together with any poisonous solution so the risk can be regarded as low.  
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 4  Experimental section 
4.1 Materials 

4.1.1 Ethics statement 

All handling of animal material was in accordance with EU and national legislation and approved by 

the Regional Ethical Committee for animal experiments (reference numbers: 52-05, 58-08 and 96-11, 

Linköping, Sweden). 

4.1.2 Actin 

Actin was purified out of fast rabbit skeletal muscle, performed by coworkers with a method based 

on Pardee & Spudich (1982). Actin used in experiments had concentration 3.57 mg/ml and was 

prepared by Martina Balaz (071109, PhD student at that time).  

4.1.3 Myosin II and HMM 

Myosin II was purified from fast rabbit skeletal muscle, performed by coworkers using a method 

based on Sata et al., (1993). Myosin was then cleaved into HMM and LMM using α-chymotrypsin, 

performed by coworkers, with a method based on Okamoto & Sekine (1985) and Kron et al., (1991). 

HMM used in experiments had concentration 438 μg/ml and was prepared by Malin Persson 

(100810, PhD student at that time). 

4.1.4 Stock solutions 

All stock solutions are prepared in advance and stored at 4-8 °C or at -20 °C. The solutions are based 

on, if not otherwise stated, a de-gassed optimized biological buffer with low ionic strength (LISS; low 

ionic strength solution). The detailed composition of this and other solutions used are given in the 

Appendix 1. 

4.1.5 Assay solutions 

All assay solutions, except a40 (standard assay solution with 40 mM ionic strength) and r60 (rigor 

solution with 60mM ionic strength), are based on the same type of solution containing 3 mg/ml 

glucose, 19 units/ml glucose oxidase, 423.3 units/ml catalase, 10 mM DTT, 1 mM MgATP, 56 units/ml 

CK, 2.5 mM CP and LISS buffer. For the assay solutions without BW a varying amount of KCl was 

added, to adjust the ionic strength. All assay solutions were prepared on the day for experiments and 

kept on ice at all time, see further in Appendix 2. 

4.1.6 Fluorophores and antibodies 

The fluorophores, RhPh and APh, was ordered from Invitrogen – Molecular Probes, Eugene, USA. The 

antibodies used in experiments were rabbit IgG (rIgG),  from Sigma-Aldrich, Sweden AB, Stockholm, 

Sweden and anti-rIgG (H&L, Goat), from Rockland Immunochemicals, Gilbertsville, USA. 

4.1.7 Baltic Sea water 

The Baltic Sea water used in the IVMA was collected several times, during the season, from the same 

place in the harbor of Kalmar. 

4.1.8 Substance A 

Substance A was a generous gift sent to the lab of prof. Alf Månsson, Linneaus University, Kalmar, 

Sweden. 
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4.2 Methods 

4.2.1 Silanization with TMCS 

SiO2 surfaces (24x60 mm, Menzel-Gläser, Braunschweig, Germany) were silanized with TMCS as 

described previously (Sundberg et al., 2003). In the first step the surfaces were cleaned by dipping in 

Piranha solution (conc. H2SO4 and H2O2 (30%) in ratio 7:3, heated up to 80 °C) for 5 min and 

subsequently 2 minutes in three different bottles of distilled water. The dipping continued with 2 

minutes in methanol, acetone (water free) and chloroform (water free) respectively. The surfaces 

were blow-dried using N2 (g) and dipped in 5 v/v% TMCS, in water free chloroform, for 2 min 

followed by immersion in two different chloroform solutions, 2 minutes each. The surfaces were 

blow-dried using N2 (g) and stored in dry petri-dishes. The results were evaluated by measuring the 

contact angle which should be in the range of 65-72° to support a good motility in the IVMA (Albet-

Torres et al., 2007). 

4.2.2 Contact angle measurements 

Contact angle measurements were performed using a Kloehn syringe pump (V6, P/N 50300-0.9, S/N 

L166010987, Norgren, Las Vegas, USA) and pictures were taken using a standard digital camera 

during advancing and receding angle for three droplets on each surface. The contact angle was 

obtained from the pictures by fitting an ellipse to the droplet form using a custom made Matlab 

program. 

4.2.3 Flow cells 

TMCS surfaces were washed in distilled water for 20 minutes and dried using N2 (g). Coverslips (18x18 

mm, Menzel-Gläser, Braunschweig, Germany) were washed in ethanol for at least 6 hours and dried 

using nitrogen gas. The TMCS surfaces were used as floor in flow cells produced by placing another 

cover slip with area 18 mm2 on top of two double-sided sticky tapes placed alongside on the TMCS 

surface (see Figure 13). 

 

Figure 13: The figure illustrates the fabrication of a flow-cell on a TMCS-derivatized surface using double-sided sticky tape as 

spacers. See text for further details. 

4.2.4 Labeling of F-actin and rIgG 

F-actin was labeled either with RhPh or APh with molar ratio 1:1.5, actin:RhPh (or APh), and 

incubated on ice overnight, as described previously (Kron et al., 1991, Balaz & Månsson 2005). 

Labeling of rIgG with rhodamine was performed by coworkers, described previously (Kumar et al., 

2012). 
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4.2.5 Antibody-actin filament complex 

4.2.5.1 Conjugation of anti-rIgG to G-actin 

Anti-rIgG was conjugated to G-actin, performed together with coworkers, a procedure developed by 

Kumar et al., 2012. The F-actin buffer (containing tris(hydroxymethyl)aminomethane; TRIS) was first 

exchanged with a HEPES buffer and the anti-rIgG buffer (containing TRIS) was exchanged with a PBS 

buffer to avoid interference from primary amines during modification. The F-actin was cross-linked to 

C6-SANH and anti-rIgG to C6-SFB (figure 9, page 12). The cross-linkers were covalently attached to 

each other and the results were analyzed using SDS-PAGE. During the procedure the protein 

concentration was determined using BCA (bicinchoninic acid) method and the quantification was 

measured using absorbance spectroscopy. The samples were aliquoted and stored at -80 °C.  

4.2.5.2 Polymerization of conjugated G-actin 

Conjugated G-actin (1:3, G-actin: linker, prepared as previously by Kumar et al., 2012) was added to 

unconjugated G-actin in ratio 1:3. Further 100 mM KCl, 2 mM MgCl2 and 3.3 mM MgATP was added 

to the solution and incubated on ice at 4 °C over night. 

4.2.5.3 Detection of rIgG transport in the IVMA 

Polymerized G-actin conjugated to anti-rIgG was labeled with APh and rIgG with Rhodamine. The two 

fluorophores were visualized using FITC and TRITC filters respectively. The actin filaments could be 

observed in FITC filter and the antibody transport in TRITC filter. 

4.2.6 In vitro motility assay 

The IVMA was performed in a flow cell in accordance with standard protocols (Kron et al., 1991, 

Sundberg et al., 2006a), with several solutions added in sequence, described briefly below and in 

figure 14. Two volumes of each solution were added to the flow cell with 1 volume corresponding to 

30 µl (approximate volume to fill the flow cell). A detailed preparation list for all IVMA solutions can 

be seen in Appendix 1, 2.  

1. HMM (120 µg/ml), incubated for 2 min. 

2. BSA (1 mg/ml), incubated for 30 s. 

3. Blocking actin (1 µM), incubated for 1 min. 

4. a40, the flow cell was rinsed with ATP containing solution. 

5. L65 (LISS based solution with ionic strength 65 mM), the flow cell was rinsed. 

6. RhPh-actin (5-10 nM), incubated for 1 min in darkness. 

7. L65, the flow cell was rinsed in darkness. 

8. Assay solution: a60, the filaments were visualized in the microscope. 

If further solutions should be analyzed in the same flow cell step 5-8 was repeated. 

   

Figure 14: The flow cell seen from above. The picture to the left illustrates the situation for the first added solution. The 

solution is added at the opening of the flow cell and sucked in by capillary forces, illustrated by the arrow. The picture to 

the right illustrates the scenario for subsequent added solutions, which need to be sucked through the flow cell using a 

filter paper (blue rectangle) at the opposite flow cell opening. 
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Sequence of pictures were taken when an assay solution (containing ATP) and/or a rigor solution 

(without ATP) was added to the flow cell. The motility was visualized in an inverted fluorescence 

microscope (Eclipse TE300, Nikon, Tokyo, Japan) supplied with a mercury lamp using an oil 

immersion objective (100X, Na, 1.40, Nikon), an automatic shutter (Uniblitz VCM-D1, Vincent 

Associate, Rochester, NY) and two filters, TRITC (Ex 540/25, DM 565 and BA 605/55) and FITC (Ex 

465-495, DM 505, BA 515-555). Sequence of pictures was collected using a sensitive EMCCD camera 

(C9100-12, Hamamatsu, Hamamatsu City, Japan) with an exposure time of 0.2 seconds. The 

fluorophores could be separated in the microscope using two different filters, TRITC and FITC. 

All solutions prepared for the IVMA are based on standard stock solutions (Albet-Torres et al., 2007, 

Kumar et al., 2012) and if not otherwise stated performed according to standard protocols. Initial 

experiments were performed with standard assay solutions a60 (assay solution with 60 mM ionic 

strength) and aMC130 (assay solution with 130 mM ionic strength containing methyl cellulose; MC). 

Additional experiments were performed using the assay solutions aMC130(BW; aMC130 based 

solution containing BW) and a60(dist. H20; a60 based solution containing distilled water) but they 

were not further analyzed. For all further experiments, if not otherwise stated, the standard assay 

solution a60 was used. This solution was also used as a control for all experiments to confirm the 

quality of the solutions prepared for that particular day.  

4.2.6.1 BW based solutions 

In experiments using BW, step 1-7 was according to standard protocol and step 8 was exchanged for 

an assay solution based on a60 solution but with varying parts of LISS buffer and KCl exchanged with 

BW (for protocol see below). In total five different BW-based assay solutions were analyzed, 

BW(100), BW(75), BW(50), BW(25), BW(10), BW(0). In BW(100), sometimes referred to as 100% BW, 

the amount of LISS buffer and KCl in the original a60 solution was exchanged for BW. For BW(75), 

sometimes referred to as 75% BW, the volume of BW and KCl were to 75% replaced with BW and 

25% with LISS, based on the original a60. The other BW based assay solutions were prepared in their 

respective proportions. 

1-7.  Standard protocol. 

8.  Assay solution: BW(100), BW(75), BW(50), BW(25), BW(10), BW(0). 

There were also performed a reversibility test where a60 solution was applied to the flow cell 

followed by BW(100) and then a60 solution. 

1-7. Standard protocol. 

8. Assay solution: a60. 

9. Step 5-7 in standard protocol. 

10. Assay solution: BW(100). 

11. Step 5-7 in standard protocol. 

12. Assay solution: a60. 

4.2.6.2 Experiments using substance A 

Substance A (100 mM) was stored in pure DMSO prior to performed experiments. For all IVMA 

solutions the concentration of substance A was 55 µM corresponded to a v/v% of 2.75. For reference 

experiments the same v/v% of DMSO(90%, diluted with distilled water) were used, referred to as 

controlsubstance A henceforth. In step 5 and 7 in the IVMA protocol the L65 solution was changed with 
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L65(substance A) or L65(controlsubstance A) and the assay solution in step 8 was changed with 

a60(substance A) or a60(controlsubstance A; for protocol see further below). During step 5 the flow cell 

was incubated in a cold, moist and dark box for 15 min. The study was planned to be performed for 

30 days with measurements on day 1, 10, 20 and 30. After the measurements, all flow cells were 

washed with either L65(substance A) or L65(controlsubstance A) and stored in a cold, moist and dark box. 

1-4. Standard protocol. 

5. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed in darkness and incubated 

for 15 min in a moist, cold and dark box. 

6. RhPh-actin (5-10 nM), incubated for 1 min in darkness. 

7. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed in darkness. 

8. Assay solution: a60(substance A) or a60(controlsubstance A). 

9. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed and stored in a cold, moist 

and dark box. 

4.2.6.3 Antigen capture and transport 

Antigen detection was performed using antibody conjugated actin filaments in BW-based assay 

solution (for protocol see below). For those experiments step 6 in the IVMA was exchanged for 

model-antibody conjugated actin filaments with bound APh (200 nM in monomer concentration; 

APh-actin anti-rIgG) and step 8 for a rigor solution, r60(BW), containing model-antigen Rh-rIgG (100 

nM) and BW. Subsequently the flow cell was incubated for five min in a cold, moist and dark box. In 

step 10 the assay solution used was BW(50). The actin filament motility and the antibody capture 

and transport were visualized in the fluorescence microscope using FITC and TRITC filter respectively. 

1-5.  Standard protocol. 

6. APh-actin anti-rIgG (200nM), incubated for 1 min in darkness. 

7. L65, the flow cell was rinsed in darkness. 

8. r60(BW), incubated for 5 min in a cold, moist and dark box. 

9. L65, the flow cell was rinsed in darkness. 

10. Assay solution: BW(50). 

Antigen capture and transport was performed using antibody conjugated actin filaments, in the 

presence or absence of substance A. The standard protocol was changed (see further below) at step 

5 with L65(substance A) or L65(controlsubstance A). The flow cell was incubated for 15 min in a cold, 

moist and dark box. In step 6 the fluorescent actin was exchanged for model-antibody conjugated 

actin filaments bound APh (200 nM in monomer concentration; APh-actin anti-rIgG). For step 7 the 

solutions were exchanged for L65(substance A) or L65(controlsubstance A) and in step 8 for a rigor 

solution, r60(substance A) or r60(controlsubstance A), containing model-antigen Rh-rIgG (100 nM). The 

flow cell was incubated for 5 min in a cold, moist and dark box. In step 9 either L65(substance A) or 

L65(controlsubstance A) was added and in step 10 the assay solution a60(substance A) or 

a60(controlsubstance A) was added. The motility of actin filaments and the antibody capture and 

transport were visualized in the fluorescence microscope through FITC and TRITC filter respectively.  

1-4. Standard protocol. 

5. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed in darkness and incubated 

for 15 min in a cold, moist and dark box. 

6. APh-actin anti-rIgG (200nM), incubated for 1 min in darkness. 
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7. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed in darkness. 

8. r60(substance A) or r60(controlsubstance A), incubated for 5 min in a cold, moist and dark box. 

9. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed in darkness.  

10. Assay solution: a60(substance A) or a60(controlsubstance A). 

The last task in the project was to capture and transport the model-antigen Rh-rIgG (100 nM) using 

the model-antibody conjugated actin filaments bound APh (200 nM in monomer concentration, APh-

actin anti-rIgG). The rigor solution in step 8 and the assay solution in step 10 are exchanged with 

solutions containing BW and substance A or BW and controlsubstance A. The L65 solution in step 9 was 

exchanged with L65(substance A) or L65(controlsubstance A). The protocol for these experiments is the 

same as for previous antigen capture protocol but with slightly different solutions (see further 

below).  

1-7. The same steps as previously described for antigen capture using substance A or 

controlsubstance A. 

8. r60(substance A, BW(50)) or r60(controlsubstance A, BW(50)), incubated for 5 min in a cold, 

moist and dark box. 

9. L65(substance A) or L65(controlsubstance A), the flow cell was rinsed in darkness. 

10. Assay solution: a60(substance A, BW(50)) or a60(controlsubstance A, BW(50)). 

4.2.7 Analysis of IVMA results using Matlab 

The pictures from IVMA experiments were exported to file format .tif and then further analyzed in 

Matlab (version 7.10.0 R2010a, MathWorks, Kista, Sweden) using several programs. The first 

program transformed the pictures to binary images where the actin filaments and the path travelled 

easily could be separated from the background. This separation was visualized in different colors and 

if the separation is unsatisfying the pictures can be re-transformed with a changed threshold of the 

intensity. The analysis of actin filaments was started with obtaining the velocity of each filament 

during a sequence of 15 frames. The final output of the program was statistical information about 

the filament sliding velocity and the fraction of motile filaments. For statistical analyzes, the software 

GraphPad Prism (version 6.01, GraphPad Software, San Diego, CA, USA) was used. Mean values  SD 

(standard deviation) was calculated on each surface based on the velocity from several actin 

filaments. If several surfaces with the same content were analyzed on the same day the velocities on 

those surfaces were stacked together yielding SD values calculated from the number of experimental 

days (n), if not otherwise stated. 
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 5  Results 
5.1 Process analysis 

The flow plan set at project start has generally been followed. The differences were that the half-

time supervision took place earlier in March and the final report was delivered slightly after time 

schedule but still within reasonable time. Another difference is the time distribution on each part of 

the project. The initial plan was to complete one part of the report at a time but in reality the writing 

process was performed continuously in all parts of the report. The conjugation process was also 

performed earlier in the project with a reduced duration. 

5.2 Final results 
All data for velocity analysis were obtained from measurements on several different places on the 

motility assay surfaces and then analyzed using Matlab. Statistical analysis was performed using 

GraphPad Prism software. This software was also used for data representations in figures. All data 

are given as mean  SD and, if not otherwise stated, calculated from the number of experiments (n). 

The means and SD for each experiment are calculated from the means and variability’s between 

filaments on each surface with nf corresponding to the number of filaments. All data points are 

connected by lines to clarify the trend or separation of solutions, not representing any actual 

relationship. All experiments were performed at 29.03  0.50 °C and within each given experiment 

the temperature differed by less than  1.35 °C.  

Initially experiments were performed in two different ionic strength solutions, a60 and aMC130 

(figure 15). The latter includes methyl-cellulose (MC) which prevents the filaments from detaching 

from the surface, of particular importance in high ionic strength solutions. Statistical analysis shows 

no significant difference between the mean velocities for these two assay solutions (two tailed t-test, 

p-value 0.36). To confirm the quality for assay solutions during all remaining experiments a standard 

a60 solution was prepared and analyzed initially on the experiment day. 

 

Figure 15: Actin filament sliding velocity in a60 and aMC130 solutions. The data is shown as means  SD (n = 16 for a60; n=4 

for aMC130; nf > 4) which was 8.83  1.41 µm/s for a60 and 8.01  0.89 µm/s for aMC130. 
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5.2.1 Baltic Sea water 
Reversibility of the effects of BW on HMM propelled actin filament motility is shown in figure 16. For 

this experiment first a standard assay solution, a60, was added to the flow cell followed by BW(100) 

and standard a60 solution. A dilution of BW(0), also referred to as 0% BW, corresponds to a standard 

a60 solution. 

 

Figure 16: HMM driven actin filament sliding velocity for standard a60 solution (BW(0)), BW(100) and standard a60 solution 

(BW(0)). The data is shown as means  SD (n=2, nf > 4).  

Further experiments were performed using different dilutions of Baltic Sea water (0%, 10%, 25%, 

50%, 75% and 100%) and the velocity for HMM-propelled actin filaments is shown in figure 17. The 

solution of 100% BW refers to an exchange of all LISS buffer and KCl in a normal a60 solution with 

BW. The sliding velocity was continuously decreasing with increasing fraction of BW giving a final 

velocity at only 20% of original value. 

 

Figure 17: HMM driven actin filament velocities in different dilutions of BW (0%, 10%, 25%, 50%, 75% and 100%). Data given 

as mean  SD (n=16 for 0% BW; n = 1 and nf = 631 for 10% BW; n=1 and nf = 1040 for 25% BW; n=4 for 50% BW; n=2 for 75% 

BW; n=4 for 100% BW; nf > 4). The mean velocity for BW(50) was 4.14  0.80 µm/s (n=4, nf > 33). 
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5.2.2 Substance A 
Further the function of myosin was evaluated over time in the presence of substance A (55 µM). 

Figure 18 illustrates the velocity for day 1, 10, 20, 21, 30 and 31 for substance A, as well as for a 

control solution. Note that on day 21 and 31 the surfaces were treated with fresh substrate solution 

24h prior to measurement.  

 

Figure 18: The velocity after different days of storage in the refrigerator in the presence of substance A (red line) or in the 

absence (control; blue line). Data given as mean  SD (n=4 for day 1; n=2 for day 10, 20, 30; nf > 4). The open circle on day 

21 represents a surface treated with substance A, 24 hours prior to measurement. At this point the SD value is calculated 

from the variability’s between actin filaments with nf = 44. The data point at day 31 represents two surfaces treated with 

substance A, 24 hours prior to measurement with n=2. 

On day one there was a sequence of surfaces that were analyzed resulting in a potential time-

dependent result for the velocity of actin filaments. The results indicated a tendency for the filament 

velocity to slow down over time (Figure 19). 

 

Figure 19: The time-dependent velocity of actin filaments in flow cells with substance A compared to control flow cells. The 

velocities are given as means  SD (nf > 91), calculated from variability’s between filaments. 
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5.2.3 Antigen capture and transport 
Further experiments were performed to compare the velocities of a60 solution, with the solutions 

based on substance A, controlsubstance A and BW(50)  in combinations (figure 20). These velocities are 

as expected and mostly depending on the BW content. 

 

Figure 20: A comparison in actin filament velocity for standard a60 solution, substance A, controlsubstance A, BW(50), 

substance A + BW(50) and controlsubstance A + BW(50). The results are given as mean  SD (n=16 and nf > 4 for a60; n=4 and nf 

> 4 for substance A, Controlsubstance A and BW(50); nf = 40 for substance A + BW(50); nf = 3 for Controlsubstance A + BW(50)). For 

the two last-mentioned solutions the means and SD are calculated from the variability’s between filaments. 

Lastly antigen capture and transport was performed with 100 nM Rh-rIgG dissolved in Baltic Sea 

water (figure 21:A), in the presence of substance A (55 µM; figure 21:B) as well as the combination of 

both BW and substance A (figure 21:C). In these figures, the specific antibody based capture of 

antigen is revealed by the transportation of the fluorescent antigen. The transportation is here taken 

as evidence that the antigen is attached to an actin filament via specific antibodies.  
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A.  

 

B.  

 

C.  

 

Figure 21: Antigen capture and transport in the presence of BW (picture A), substance A (picture B) and in the presence of 

both BW and substance A (picture C). The moving antigen is indicated by the red arrows and the values in boxes indicate 

the timescale in seconds. The scale bar is set to 10µm. All pictures are adjusted in intensity and for picture C also in 

contrast, using ImageJ (version 1.7.0_21, Java, National Institute of Health, USA).  
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 6  Discussion 
6.1 Flow plan and risk analysis 

The flow plan initially set for the project was continuously changed during the semester. One 

modification was the half-time supervision which was moved forward to middle of March due to 

practical circumstances. Another difference was the re-distribution of time mainly due to 

unpredictably time-consuming laboratory work, mainly regarding experiments with substance A. This 

redistribution of time led to an insufficient time for writing and most of the writing parts in the 

project were postponed.  

From the risk analysis the highest risk factor was set for the possibility that the stock solutions would 

not work, the time plan would not be fulfilled and for the possibility of unforeseen complications 

during experiments using Baltic Sea water and/or substance A. My stock solutions worked from start 

which saved a lot of time, otherwise spent on troubleshooting. The time plan was not entirely 

fulfilled due to insufficient time for laboratory work in the end of the project and no further 

conjugation process, of antibody to actin filament, could be performed. There were no complications 

using Baltic Sea water in the experiments but the results for substance A were not as expected. The 

reason for this would have been evaluated in more detail if there would have been more time. 

Another difficulty during the project was to collect Baltic Sea water since the sea was frozen for a 

long time due to the cold winter. Although the collection of water samples could, in most cases, be 

performed in between freezing days and the experiments were not particularly affected.  

During this project I have improved my ability regarding planning, performing and continuously 

evaluating a project process. The major part of this project has been the laboratory work, mainly 

performed by myself, which has further improved my self-confidence and skills in solving both 

practical and theoretical problems. The most important lesson I bring along from this project is the 

knowledge that it is very difficult to foreseen the time requirement for tasks and to know the degree 

of challenge in systems not known in advance. Initially it was difficult for me to manage the fact that 

no detailed longer plans could be made since my knowledge in the field, at that time, were 

insufficient. 

6.2 Important results 
The increasing contamination in sea- and waste-water affects the ecosystem and can be hazardous 

to humans. This fact promotes the interest for further studies to establish a biosensor device where 

analytes can be captured in low concentration with high sensitivity and high selectivity (Sanvicens et 

al., 2011). In this thesis I present a method to capture a model-antigen, rIgG, by anti-rIgG covalently 

attached to actin filaments that are propelled by HMM on TMCS-surfaces in Baltic Sea water. Further 

we found a tendency for slightly prolonged stability for the system in the presence of substance A.  

Initially, experiments were performed using distilled water instead of buffer with a complementary 

part of BW. No motility was observed in these experiments as expected since ATP hydrolysis during 

motility involves release of H+ which lowers the pH and results in a loss of motor function. 

Interestingly though is that for solutions containing BW and no added buffer, motility was observed 

which means that BW in itself must have a buffering capacity. Two standard assay solutions were 

also compared, a60 and aMC130, and the statistical analysis did not show any significant difference 
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in HMM propelled actin velocity between these. Further studies were then performed, for practical 

reasons, with a60 as standard solution since it does not need to be supplied with viscous 

methylcellulose to prevent actin filaments to detach from the HMM coated surface. A trend was 

found, showing reduced velocity of actin filaments with increased concentration of BW. Halved 

velocity that for a60, around 5 µm/s, was observed at dilution 1:1 of BW:LISS (BW(50); table 2). 

Further experiments using assay solutions containing BW was performed with this dilution due to 

easy preparation along with a proper velocity in the IVMA. In this dilution the ionic strength is 

probably below the critical value where filaments tend to detach from the surface in the absence of 

methylcellulose (Sundberg et al., 2003, Månsson et al., 2004). In contrast, studies have been 

performed on serum (Korten et al., 2013) and on environmental substances (Bachand & Bachand 

2012) where the dilution needed to be at least 100 times to obtain a reasonable motility. The 

observed effect of BW on motility was reversible when subsequently adding a standard assay 

solution which is not the case for serum (Korten et al., 2013). 

Content 
 
Solution 

LISS 
v/v% 

[Glucose] 
mg/ml 

[Glucose oxidase] 
units/ml 

[Catalase] 
units/ml 

Added 
[KCl] mM 

[DTT] 
mM 

[ATP] 
mM 

[CK] 
units/ml 

[CP] 
mM 

BW  
v/v% 

a60 91 3 19 423,3 45 10 1 56 2,5  - 

BW(50) 46,25 3 19 423,3 - 10 1 56 2,5 46,25 

Table 2: The content of standard a60 solution and BW(50) is shown. 

Previous studies (Albet-Torres & Månsson 2011) have shown that HMM adsorbed to TMCS surfaces 

could be stored at -20 °C for more than 30 days without any effect on motility. It was of interest to 

test if the motility of actomyosin could be maintained or restored after some time if the surfaces are 

stored in 4-8 °C instead. One substance that is proved to restore the protein function after 

inactivation is substance A (known from personal communication with prof. Alf Månsson, Linneaus 

University, Sweden). With this knowledge it was of interest to observe the motility of actomyosin for 

several weeks. Initially the plan for this study was to measure on day 1, 10, 20 and 30 but as there 

were no motility on either day 20 nor day 30 the surfaces were used again on day 21 and day 31 to 

see if the motility could be regained after 24 hours of pretreatment with substance A. At day 21 the 

motility could partly be recovered which could indicate that the peak motility for the surfaces in the 

presence of substance A is after a longer incubation time than the 15 minutes set for the 

experiments. In contrast to day 21 the motility could not be regained at day 31 with the same 

pretreatment which might be due to oxidation of HMM, drying of flow cells or the fact that the flow 

cells were rinsed many times which leads to a loss of HMM and a decreased motility (Sundberg et al., 

2006b). During longer storage of flow cells with adsorbed proteins there is always a problem with the 

humidity since the flow cells easily dry out which results in irreversible effects on the surfaces. During 

day 1 for this experiment there was a tendency, in the presence of substance A, of slowing the 

filaments down with time which is not fully understood. One idea is that substance A could start to 

aggregate in the hydrophilic solution which could then inhibit the motility. Another result from this 

experiment is a slightly enhanced motility on surfaces with substance A after ten days comparing to 

those without. Generally actin filaments were appreciably shorter in the presence than in the 

absence of substance A, one possible explanation is a tighter binding between myosin and actin 

filament in the presence of substance A resulting in a breakage of filament during motility, which 

could be seen in real time in the fluorescence microscope.  
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Antigen capture and transport was observed in BW, in the presence of substance A as well as in the 

combination of both substance A and BW, but in the latter case, the transportation was very limited. 

These results show the potentials of the actomyosin system for antigen capture and transport in BW 

but the results also demonstrate the need of optimization, e.g., to increase the amount of antigen 

captured and transported. 

The sensitivity for a molecular motor-based system has been evaluated and for the actomyosin 

system the detection limits are in the range of nM to pM (Kumar et al., 2013). Detection of model-

analytes in the pM-fM range has been observed using the microtubule/kinesin system (Lin et al., 

2008). This detection range does not yet compete with other high-sensitivity systems, e.g., single-

molecule enzyme-linked immunosorbent assay detection in fM range (Rissin et al., 2010) and 

magnetic nanoparticles in aM range (Nam et al., 2003, Mulvaney et al., 2009). However, it should be 

kept in mind that motor protein powered devices constitute an entirely new concept and have only 

been developed during a very limited period of time. Magnetic nanoparticles could further be 

combined with the actomyosin system (Kumar et al., 2013) to reach an increased sensitivity 

combined with a fast detection rate which then could reach sensitivity beyond conventional methods 

such as ELISA and SPR. 

6.3 Future prospects 
This actomyosin system has a great potential in the case for capturing antigens in BW but there is an 

appreciable need of optimization. First it would be interesting to capture an antigen that naturally 

exists in the BW. Subsequently further studies need to be done where this actomyosin system is 

combined with substance A and BW to evaluate the system in more detail. One of these studies 

could be to determine the effect of substance A on motility after a few hours to see if the effect is 

irreversible. Further it would be interesting to perform studies where the captured antigen from BW 

could be guided to a detector area and become concentrated (Lin et al., 2008, Katira & Hess 2010, 

Lard et al., 2013). For future prospects the actomyosin system has a great potential since it also has 

the capacity to form bundles and transport larger cargoes, e.g., cells with a negligible effect on 

velocity (Takatsuki et al., 2010, 2011). 
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 7  Conclusion 
In this thesis I present results where the in vitro motility assay was performed using Baltic Sea water 

for the first time. An antigen capture and transport could be observed in the in vitro motility assay 

using anti-rIgG covalently attached to actin filaments as capturing agent with rIgG as model-analyte 

dissolved in Baltic Sea water. The velocity of actin filaments in Baltic Sea water was observed to 5 

µm/s (half of that in optimized biological buffer) when diluted 1:1 with low ionic strength solution. 

The effect that Baltic Sea water had on motility was reversible when adding a standard assay 

solution, which is of great relevance for a future biosensor device. This thesis includes studies using 

substance A which showed a tendency to increase the protein function, with an enhanced sliding 

velocity, for a flow cell with protein components stored at 4-8 °C for ten days. Further studies will 

reveal if this substance will be beneficial for practical applications in a future device.  
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 10 Appendix 
10.1 Appendix 1: Stock solutions 

LISS 

The LISS buffer had ionic strength 15 mM and contained 1 mM MgCl2, 10 mM MOPS and 0.1 mM K2EGTA (EGTA 

dissolved in KOH). The pH was set to 7.4 using KOH. The buffer was stored at 4-8 °C.  

BSA 1 mg/ml 

Sufficient amount of BSA was dissolved in 50 mM KCl and LISS, aliquoted and stored at -20 °C. 

Catalase (Cat) 42.3 k units/ml 

The catalase suspension was incubated at 37 °C for 30 minutes, diluted in LISS and stored at 4-8°C. 

CK 5.6 k units/ml  

Sufficient amount of CK (from rabbit muscle) was dissolved in LISS, alliquoted and stored at  

-20 °C.  

CP 0.5M 

The CP (purity 98%) was dissolved in LISS, alliquoted and stored at -20 °C. 

DTT 1M 

The DTT was dissolved in LISS, alliquoted and stored at -20°C. 

F-labeling buffer 

The buffer was prepared by coworkers and contained 10 mM MOPS, 0.1 mM EGTA, 3 mM NaN3, 60 mM KCl 

and 2 mM MgCl2. pH was set to 7.0 and the buffer was stored at 4-8 °C. 

Glucose (Glu) 150 mg/ml 

Sufficient mass of D-(+) glucose was dissolved in LISS, alliquoted and stored at -20 °C. 

Glucose oxidase (Gox) 10 mg/ml (1.9 k units/ml) 

The Gox was dissolved in LISS, alliquoted and stored at -20 °C. 

KCl 3 M 

Sufficient amount of KCl was dissolved in LISS and stored at 4-8 °C. 

Methylcellulose (MC) 1.6% (w/v) 

Mass of MC was dissolved in LISS overnight in cold room with stirring. The solution was de-gased, alliquoted 

and stored at -20 °C. 

MgATP (ATP) 0.1 M 

0.1 M NaATP and 0.1 M MgCl2 was mixed with LISS and pH set to 7.4. The solution was alliquoted and stored at 

-20 °C. 

MgCl2 0.06 M 

1 M MgCl2 was diluted with distilled H20 and stored at 4-8 °C. 
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10.2 Appendix 2: IVMA solutions 

APh-actin, 200 nM 

APh-actin (~1.5 μM) was diluted to 200 nM with L65. 

Blocking Actin 1 μM 

Blocking actin solution contained 1 µM non-fluorescent F-actin, 1mM MgATP and L65. 

HMM 120 µg/ml 

HMM was diluted with L65 to a final concentration 120 μg/ml. 

L65  

L65 was based on the optimal biological buffer, LISS, and complemented with 50 mM KCl and 1 mM DTT. The 

ionic strength was 65 mM. 

Rh-rIgG, 100 nM 

Rh-rIgG was added to a rigor solution to final concentration 100 nM. 

RhPh-actin, 5-10 nM 

RhPh-actin (2 μm) was diluted with L65 to 5-10 nM. 

Substance A, 55 μM 

Substance A (sub. A; 100 mM) was diluted with DMSO (90%, diluted with distilled water) and added to L65- and 

assay solutions to final concentration 55 µM. 

Standard assay, rigor and washing solutions  
Content 

 

Solution 

LISS 

v/v% 

[Glu] 

mg/ml 

[Gox] 

units/ml 

[Cat] 

units/ml 

[Added 
KCl]  

mM 

[DTT] 

mM 

[ATP]  

mM 

[CK] 

units/ml 

[CP] 

mM 

MC 

w/v % 

a40 97,2 - - - 25 10 1 - -  - 

a60 91 3 19 423,3 45 10 1 56 2,5  - 

r60 93,5 3 19 423,3 45 10 - - - - 

aMC130 50,17 3 19 423,3 115 10 1 - - 0,64 

L65 98,2 - - - 50 1 - - -   

Assay solutions containing BW 

Content 
 

Solution 
LISS 

v/v% 
[Glu] 

mg/ml 
[Gox] 

units/ml 
[Cat] 

units/ml 

[Added 
KCl]  
mM 

[DTT] 
mM 

[ATP]  
mM 

[CK] 
units/ml 

[CP] 
mM 

BW  
v/v% 

BW(100) - 3 19 423,3 - 10 1 56 2,5 92,5 

BW(75) 23,13 3 19 423,3 - 10 1 56 2,5 69,38 

BW(50) 46,25 3 19 423,3 - 10 1 56 2,5 46,25 

BW(25) 69,38 3 19 423,3 - 10 1 56 2,5 23,13 

BW(10) 83,25 3 19 423,3 - 10 1 56 2,5 9,25 

Assay- and washing solutions containing substance A and controlsubstance A 
Content 

 
Solution 

LISS 
v/v% 

[Glu] 
mg/ml 

[Gox] 
units/ml 

[Cat] 
units/ml 

[Added 
KCl] 
mM 

[DTT] 
mM 

[ATP]  
mM 

[CK] 
units/ml 

[CP] 
mM 

DMSO 
(90%) 
v/v% 

[sub. A] 
μM 

a60(substance A) 88,25 3 19 423,3 45 10 1 56 2,5 - 55 

a60(controlsubstance A) 88,25 3 19 423,3 45 10 1 56 2,5 2,75 - 

L65(substance A) 94,53 - - - 50 1 - - - - 55 

L65(controlsubstance A) 94,53 - - - 50 1 - - - 2,75 - 
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Rigor solutions with substance A, controlsubstance A, BW and Rh-rIgG 
Content 

 
Solution 

LISS 
v/v% 

[Glu] 
mg/ml 

[Gox] 
units/ml 

[Cat] 
units/ml 

[Added 
KCl] 
mM 

[DTT] 
mM 

[Rh-rIgG] 
nM 

DMSO 
(90%) 
v/v% 

[sub. A] 
μM 

BW  
v/v% 

r60(substance A) 89,63 3 19 423,3 45 10 100 - 55 - 

r60(controlsubstance A) 89,63 3 19 423,3 45 10 100 2,75 - - 

r60(BW) 46,95 3 19 423,3 - 10 100 - - 46,95 

r60(BW, substance A) 45,57 3 19 423,3 - 10 100 - 55 45,57 

r60(BW, controlsubstance A) 45,57 3 19 423,3 - 10 100 2,75 - 45,57 

Assay solution with Methyl cellulose 
Content 

 
Solution 

LISS 
v/v% 

[Glu] 
mg/ml 

[Gox] 
units/ml 

[Cat] 
units/ml 

[Added 
KCl] 
mM 

[DTT] 
mM 

[ATP] 
mM 

[CK] 
units/ml 

[CP] 
mM 

MC 
w/v % 

BW  
v/v% 

aMC130(BW) - 3 19 423,3 - 10 1 - - 0,64 54 

Assay solutions containing BW and distilled H20 
Content 

 

Solution 

LISS 

v/v% 

[Glu] 

mg/ml 

[Gox] 

units/ml 

[Cat] 

units/ml 

[Added 
KCl] 

mM 

[DTT] 

mM 

[ATP] 

mM 

[CK] 

units/ml 

[CP] 

mM 

Distilled 

H20 

BW  

v/v% 

a60(75) - 3 19 423,3 - 10 1 - - 23,5 70,5 

a60(50) - 3 19 423,3 - 10 1 - - 45,5 45,5 

a60(10) - 3 19 423,3 - 10 1 - - 84,6 9,4 

 


