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Summary  
 
This thesis addresses the structural and functional aspects of the actomyosin interaction. Since 

the actomyosin system plays essential roles in living eukaryotic cells, the interaction between 

these two proteins has been of special interest for decades. In this thesis I elucidated several 

fundamental, but still unresolved problems in the enzymatic mechanism of the actomyosin 

system: Actin binding plays a fundamental role in the actomyosin ATPase cycle, because 

actin accelerates the rate-limiting step of the basal ATPase cycle by orders of magnitude. 

Therefore, the determination of the rate-limiting step is crucial for the understanding of the 

mechanism of actin activation. Furthermore, the assignment of the rate-limiting step will help 

to reveal the working mechanism of myosin and to find out whether myosins work using a 

Brownian-ratchet or a strain-induced conformational change mechanism. However, direct 

experimental evidence for the rate-limiting step in the basal ATPase cycle has been lacking.  

The conserved surface loop (loop 4) of myosin has been proposed but not yet experimentally 

demonstrated, to play a functional role in the actomyosin interaction. Our extensive kinetic 

and fluorescence spectroscopic analysis of loop 4 mutant myosins showed that loop 4 is a 

functional actin binding region of myosin and its stabilizing role is more pronounced in the 

weak actin binding states. Furthermore, I provide evidence that the actin-binding cleft of 

myosin II is in dynamic equilibrium between its open and closed conformations in all studied 

nucleotide states. This dynamic model supports the previous theories of the working 

mechanism of the actomyosin system. 

Single tryptophan containing motor domain constructs enabled us to separate the 

isomerization step following ATP hydrolysis from the product release steps. This 

isomerization was shown to be the rate-limiting step of the basal ATPase cycle of myosin II, 

which is followed by the fast release of the products and becomes irreversible in the actin 

bound states. Thus we demonstrate that myosin works using a strain-induced conformational 

change mechanism, where the strain indeed comes from actin binding. Our novel mechanism 

of actin activation suggests that power-stroke is directly accelerated by actin binding and that 

despite the weak actin binding properties of the myosin-products complex states, the 

predominant flux occurs in the actin bound form, avoiding futile cycling. 

Thus, although strong actin binding has been proposed to be essential in the power generating 

step, I present here a novel model of the actomyosin enzymatic cycle, in which weak actin 

binding states play a fundamental role during the power-stroke and I identify a conserved 

structural element of myosin that stabilizes these weak actin binding states. 
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Összefoglalás 
 
Doktori értekezésemben az aktomiozin kölcsönhatás szerkezeti és funkcionális oldalait 

boncolgatom, így számos, az enzimműködés szempontjából alapvető, ám mindmáig 

felderítetlen jelenséget vizsgálok.  

Az aktin kötés alapvető fontosságú szerepet játszik az aktomiozin ATPáz ciklusában, mivel a 

bazális ATPáz ciklus sebesség-meghatározó lépését nagyságrendekkel gyorsítja. Ezért a 

sebesség-meghatározó lépés azonosítása döntő fontosságú az aktin aktiváció 

mechanizmusának megértésében. Továbbá a sebesség-meghatározó lépés azonosítása 

felfedné, hogy a miozinra mely működési mechanizmus jellemző: azaz a Brown-racsni 

mechanizmus vagy a feszültség-kiváltotta konformációs változás mechanizmus szerint 

működik -e? Azonban a sebesség-meghatározó lépés azonosítására közvetlen kísérletes 

bizonyítékok mindezidáig nem szolgáltak. 

Egy konzervatív felszíni hurok (loop 4) gyenge aktin-kötő állapotokban játszott szerepét 

ugyan feltételezték, ám kísérletes bizonyítást eddig nem nyert. A loop 4 mutánsok széleskörű 

kinetikai és spektroszkópiai viszgálatával kimutattuk, hogy a loop 4 a miozin funkcionális 

aktin-kötő szerkezeti eleme és a kölcsönhatást stabilizáló hatása kifejezettebb a gyenge aktin 

kötő állapotokban. Kísérletes bizonyítékot szolgáltattunk továbbá arról, hogy a miozin II 

aktin-kötő árka minden vizsgált állapotban dinamikus egyensúlyban van a nyitott és zárt 

konformációs állapota között. Ez a dinamikus modell alátámasztja az aktomiozin rendszerről 

alkotott korábbi elképzeléseket.  

Egy triptofánt tartalmazó motor domén konstrukciók alkalmazásával sikerült szétválasztanunk 

az ATP hidrolízisét követő nagy izomerizációs lépést a termék-felszabadulási lépésektől. 

Kimutattuk, hogy az izomerizációs lépés a miozin ATPáz ciklusának sebesség-meghatározó 

lépése, amely megelőzi a termékek felszabadulását, és amely lépés irreverzibilissé válik aktin 

kötött állapotban. Ezért a miozin a feszültség kiváltotta konformációs változás mechanizmus 

szerint működik, ahol a feszültség az aktin-kötésből magából származik. Az aktin aktivációról 

alkotott új modellünk értelmében az aktin közvetlenül hat az erőgeneráló lépésre és a miozin-

termékek komplexének gyenge aktin kötő tulajdonságai ellenére a reakció aktinhoz kötötten 

játszódik le, elkerülve az eredménytelen enzimciklusokat.  

Így, bár az erős aktin-kötő állapotokat alapvető fontosságúnak vélték az erőgenerálás során, 

értekezésemben egy új modellt szolgáltatok, melyben az erőgenerálás gyenge aktin-kötő 

állapotokban megy végbe, továbbá bemutatom egy konzervált szerkezeti elem szerepét ezen 

gyenge aktin-kötő állapotok stabilizálásában.  
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Introduction 
 

My thesis is centered around motor proteins. By definition, a motor is a device that consumes 

energy in one form and converts it into motion or mechanical power. Most of the molecular 

motors convert the chemical energy of nucleotide-triphosphates (NTPs; for example ATP, 

GTP, or their deoxy forms) into mechanical energy, in this sense they are aptly called 

“nanomachines”. Recently this huge category required the introduction of a new class of 

enzymology: class VII, the energases.  

This energetically-centered definition is therefore true for a very wide range of biomolecules 

responsible for very different life processes: from prokaryotic flagellar movement through 

eukaryotic organelle transport in a single cell, or from cell division to the act of running.  

Figure 1 shows the common 

classification of this large 

enzyme-class. The first basic 

criterion for classification is 

directionality. The bacterial 

flagellum, the ATP synthase and 

the viral DNA packaging protein 

perform a rotating movement (i.e. 

they are rotors), while the 

members of the other group move 

linearly (linear motors). The 

linear motors move along tracks 

that determine the three subgroups: cytoskeletal motors (actin based myosins, microtubule 

based dynein and kinesin), polymer motors (actin, tubulin, spazmin and dynamin) and nucleic 

acid and other motors (polymerases, helicases, AAA+ proteins, SMC proteins and 

tranlocases). 

According to another kind of classification among the linear motors, the criterion is the duty 

ratio, which is, by definition, the fraction of time that each head spends in its attached phase 

to its track (tattached/ttotal). Low duty ratio motors, such as muscle myosin II (see myosin 

superfamily, Fig. 2A), spend most of their enzymatic cycle (~95%) in the detached state, 

therefore they must work together in a bundle (nonprocessive motors). Motor proteins with 

high duty ratio (50%<) are able to function processively in dimeric form without detaching 

from the track for hundreds of enzymatic cycles (processive motors). 

 
 
Figure 1 - Distribution of the motor protein class 
(energases). 
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Myosins constitute a very diverse group in the motor world. Up until now, the myosin 

superfamily has been supposed to consist of seventeen discrete families (Fig. 2A, (1)). Some 

argue that there are more of them, as many as, twenty-four, but the general scientific opinion 

has not changed yet. However, all myosins carry some characteristic properties: each of them 

possesses a head domain, which can alternately bind actin and ATP in an antagonistic 

manner, meanwhile large conformational changes occur in the head to perform the motor 

function. As I mentioned, the head region is the common structural feature between the 

families, but other parts of the motors differ significantly. These differences serve as the basis 

for the partition of the superfamily. A common functional property of all myosins is that actin 

acts as an allosteric activator in their enzymatic cycle.  

Class II myosins are called the conventional myosins, because the muscle myosin II was the 

first myosin to be discovered, and it had two heads (Fig. 6), therefore it was named myosin II. 

Currently we know more than a hundred of myosins, consequently we call them the 

unconventional myosins. Myosins play an essential role in all types of eukaryotic cells: more 

than 40 types of myosins work in concert in a human cell. They are involved in cell 

migration, cell division, organelle transport and –tethering, exo- and endocytosis, contraction 

and many other fields of cell life (Fig. 2B). 

 
 
Figure 2 – The systematization and the functions of myosins. 
 
Panel A shows the unrooted dendrogram of the XVII myosin families. The conventional myosin II family is 
further divided into three discrete groups: cardiac-skeletal, smooth and non-muscle myosin IIs but they 
consist of only a little part of the large myosin world. (Hodge T, Cope MJ. (2000) A myosin family tree. J 
Cell Sci.) 
Panel B shows a schematic picture of an imaginative cell with crucial physiological processes mediated by 
myosins. (Modified from www.bio.umass.edu/vidali/web/cell_motil) 
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My thesis will not be concerned with the interesting world of unconventional myosins. Thus, 

henceforth, unless otherwise noted, the term myosin will refer to the conventional myosin II.  

 
 
Literature review 
 
The ancient Greeks already knew that muscles were responsible for motion of the living 

creatures, however they knew nothing about their molecular mechanisms. The word “muscle” 

originates from the Latin word ‘musculus’ that means “little mouse”, because muscles such as 

the bi- or triceps pop up as if a little mouse was running about under the skin of the arm. So 

muscle is a contractile tissue, which is derived from the embryonic mesodermal layer. 

Muscles are responsible for generating force and motion. 

Three types of muscle tissues are distinguished: the striated, the smooth and the helical 

muscle tissues. The striated muscle has two forms: the skeletal and the cardiac muscle tissue. 

They differ in the ultrastructure of the tissue. Contractility is a typical property of the muscle 

tissue. The striated muscle can contract to half of its original length, by contrast, the helical 

muscle tissue (which is an invertebrate muscle tissue) can be shortened to one-twentieth of its 

relaxed length.  

Skeletal striated muscles move the skeletal system as tendons anchor the muscles to the 

bones. Upon skeletal muscle contraction bones move towards each other, which causes 

locomotion. Other types of muscles work unconsciously but they are the ‘marrow of life’: the 

cardiac muscle is responsible for the contraction of the heart, the smooth muscle is 

responsible for the peristaltic motion of the digestive system, plays an important role in the 

correct functioning of the vessels, and it is also responsible for the internal movement of the 

organs. 
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Figure 3 – The structure of the human musculature from 
the human body to the filamental structure. 
 
The human musculature is built up from more than 100 muscle groups 
anchored to the skeletal system by tendons. Muscles are built up from 
muscle fibers that contain myofibrils. The functional constituents of the 
myofibrils are sarcomeres built up from myofilaments. (Modified from the 
The Muscular System poster at bookstore.ucdavis.edu; Gray’s Anatomy of 
the Human Body; and Human Anatomy (2001) Benjamin Cummings©) 
 

Ultrastructure of the striated skeletal muscle tissue 

 

The vertebrate striated 

skeletal muscle consists of 

muscle fibers which are 

covered with the 

sarcolemma and are shot 

with blood vessels and 

moto-neurons. The muscle 

fiber is built up from 

single or multiple muscle 

cells (up to 7000 nuclei in 

12 cm human fiber), 

which cells contain 

myofibrils (Fig. 3). 

Myofibrils are recruited 

from myofilaments, the 

functional units of the 

muscle tissue. The 

directed arrangement of 

the myofilaments builds 

the sarcomere, which is a 

multiprotein-complex, 

composed of three different filament systems: the thick filament (myosin), the thin filament 

(actin) and the elastic filament (titin). One sarcomere extends between two Z-lines (from the 

German word “Zwischenscheibe”, which means “between” the I-bands (Z-line proteins: α-

actinin, actin, dezmin and vimentin)). The vertebrate skeletal muscle shows typical striated 

arrangement in the electron microscope: isotropic (I-band) and anisotropic (A-band) regions 

alternate. The Z-line halves the I-band, which, in fact means, that the thin filaments originate 

from the Z-line. The thin filament is also a multiprotein-complex: made up of actin, the 

troponine family proteins (TnT, TnC, TnI), tropomyosin and other minor components. The A-

band is divided into two parts: one part is where thin- and thick filaments overlap each other 

and the other one is the H-zone (Hensen-zone), where only the thick filament exists. The H-

zone is halved by the M-line (from the German “Mittelscheibe”, because the M-line is in the 
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“middle” of the sarcomere). The major M-line proteins are myomesin, M-protein and 

creatinin-kinase). M-line proteins with the elastic filament are responsible for the elasticity of 

the sarcomere. The elastic filament, whose major protein is the “giant” titin, is a molecular 

ruler, which determines the elasticity and the directionality of the thin- and the thick 

filaments. 

 

Classic models for contraction 

 

The above described ultrastructure serves as a basis for muscle contraction. Let us magnify 

the overlapping region of the thin and the thick filaments, where myosin heads from the thick 

filament (cross-bridges) crosslink the two filament systems. When a moto-neurotic trigger 

reaches the myofibril, the thick filaments 

“slide” into the thin filaments causing the 

sarcomere to shorten. This means that the two 

Z-lines get closer to each other. This is the 

sliding filament theory of the muscle 

contraction.  

However, there is no sliding during the 

contraction. A.F. Huxley and H.E. Huxley 

formulated the swinging cross-bridge model 

(2-4). In terms of this model, the orientation of 

the myosin heads relative to the actin filaments 

change during the enzymatic cycle. In 1971, 

based on this theory, Lymn and Taylor 

composed the first kinetic model of the chemo-

mechanical cycle (Fig. 4) (5). This is a four-

step model for myosin enzymatic cycle: 1. 

myosin detaches from actin upon binding 

ATP, 2. in the detached state myosin 

hydrolyses ATP into ADP and phosphate, 

which step is in concert with the priming of the 

head domain, 3. in this triggered state, myosin 

 
 
Figure 4 – The classic Lymn-Taylor 
model of myosin’s chemomechanical 
cycle. 
 
The model simplifies the ATP binding and 
hydrolysis, the recovery- and power-stroke, the 
product release steps and their coupling with actin 
binding and dissociation in a 4 step model. (Lymn 
& Taylor (1971) Biochemistry) 
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reattaches to actin, 4. The power generating step, the power-stroke occurs in the actin 

attached state, the power-stroke pulls the actin filament compared to the thick filament, in 

accordance with the hydrolysis products release.   

More than twenty years later, when the zhree dimensional structure of the myosin head 

domain was revealed using X-ray diffraction (6), the swinging lever-arm theory was proposed 

(7). In contrast to the swinging cross-bridge model, it was suggested that only parts of the 

head move during the power-stroke. Only the distal part of the head domain (the lever-arm) 

changes its conformation between its down and the up position (Fig. 10), which serves to 

amplify the short-scale conformational changes occurring in the head during the enzyme 

cycle. According to this theory, the interacting surface between actin and myosin is not 

necessarily changed during the power-stroke. 

 

Actomyosin system in non-muscle cells 

 

Similarly to the sarcomeric assembly, non-muscle myosin II isoforms were demonstrated to 

form minifilaments in different types of eukaryotic cells. Minifilaments in many eukaryotic 

cells form similar structures as in the muscle tissue: non-muscle myosin II molecules form 

bipolar filaments, which interact with the peripheral actin filaments. This structure plays a 

role in the contractile functions of many non-muscle cells, for instance in the contractility of 

stress fibres in fibroblasts. Non-muscle myosin II also plays a role in the cytokinesis, as it 

forms the contractile ring. 

Unconventional myosins such as myosin I and V bind to Golgi-membranes, synaptic vesicles, 

memrane enclosed pigment granules, macromolecules, etc. These myosins play roles in the 

movements of these organells or plasma membranes relative to actin filaments. One isoform 

of myosin I has a special role in hearing, because the movement of membrane-embedded ion 

channels along the surface of stereocilia is related to the myosin I-actin interaction. Myosin 

VI has a role in clathrine-mediated endocytosis as endocytic vesicles are transported inward, 

away from the plasma membrane.   

Altough these functions are very divergent, these movements are based on the same principle 

– as described in the previous section. Myosin undergoes actin attached and detached states in 

a nucleotide-dependent manner while large conformational changes occur in the myosin head. 

These conformational changes result in the movement of the myosin molecule relative to the 

actin filament. Low duty ratio motors therefore assemble into bundles to maintain the 

connection with the actin filaments during the contraction. High duty ratio motors form 
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dimmers or bind to membranes in large densities, in this way the transporter functions can be 

achieved.  

Therefore the investigation of the working mechanism of the actomyosin system provides 

information not only about muscle contraction, but also about several fundamental cell 

biological processes. 

 

Structure and function of the actin filament 

 

Actin filaments consists of globular actin (G-actin) monomers (Fig. 5) that polymerize in a 

double helical manner (filamental, F-actin) (Fig. 5). G-actin was identified by Brúnó F. Straub 

in 1943 (8). It is a globular protein with two domains: the DNA-binding and the myosin 

binding domains (Fig. 5, 1ATN.pdb) (9). A large cleft divides the two domains, which is the 

binding site for an ATP molecule.  

 
At physiological ionic strength the monomers polymerize to F-actin if ATP binds to the cleft 

between the two domains. During polymerization the monomers turn 166º relative to each 

other, therefore the shape of the filament is like a double helix, which is built up of 13 actin 

monomers (Fig. 5). When actin hydrolyzes ATP to ADP and inorganic phosphate, the 

  
 
 
Figure 5 – The atomic resolution structure of G- and F-actin. 
 
Left panel shows the cartoon model of G-actin (1ATN.bdb). G-actin consists of two domains: the DNA-
binding domain and the myosin-binding domain. ATP binds to the cleft dividing the two domains. Right 
panel shows the simulated structure of F-actin from G-actin monomers (1O1G.pdb but myosin S1-s are 
removed). Each actin monomers turns 166° from the previous monomer which loans a double helical shape 
for the filament (monomers are colored gold and brown alternately). Each monomer interacts with 4 
neighboring monomers and 13 G-actin monomers constitute one helix turn. 
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phosphate is released and the ADP bound form of actin monomers dissociate from the 

filament. 

This ATPase activity does not participate in either the muscle contraction or other enzymatic 

processes related to actomyosin interaction. But it does play a role in the treadmilling of actin 

filaments, which is the continuous association and dissociation of the actin monomers on the 

opposite side of the actin filament. This treadmilling is responsible for the directionality of the 

filaments. The developing end, where monomers associate is the +end (barbed end); and the 

dissolving end, where monomers dissociate is the –end (pointed end). This polarity is 

important in the actomyosin system because each myosin has a commitment to one particular 

direction on the actin filament. 

In the muscle tissue actin filaments originate from the Z-line, since the major protein of the Z-

line is actin itself with α-actinin. These Z-plates are anchored to the sarcolemma by desmin 

and vimentin filaments. Futhermore, actin filaments are present in every part of every 

eukaryotic cell: from the nucleus to the apical region of the cell, where the actin filaments are 

fixed to the plasma membrane and to each other by filamin proteins. With microtubules, actin 

filaments constitute the cytoskeletal system of the eukaryotic cell. Besides the fundamental 

role in muscle contraction, actin filaments provide mechanical support for the cell, determine 

the shape of the cell, enable cell movements, participate in the contraction of the cell during 

cell division and serve as a guide for myosin motors in cellular transport processes.  

 

Myosin history: making a long story short 

 

In 1864 Kühne was the first who investigated the enzymatic properties of the solution derived 

from skeletal muscle tissue (10). The solution contained a protein which exhibited enzymatic 

functions and, because it originated from muscle, he named it myo-enzyme: myosin. Many 

years later, in 1939, it was Engelhardt and Lyubimova who first described myosin’s ATPase 

activity (11). In terms of their description, myosin catalyzes the ATP hydrolysis into ADP and 

phosphate, which assumption, to date, is proved to be valid for every known myosin 

superfamily members. Next milestone in the myosin history was in the 1940s, when Albert 

Szent-Györgyi demonstrated that the viscosity parameter of the mixture of actin and myosin 

decreases if ATP was added to the solution, which effect was coupled with a decrease of the 

light-scattering property of the solution as well. These results demonstrated that actin and 

myosin interact in an ATP-dependent manner. His further important observation was the in 

vitro contraction, where oriented actomyosin filaments were added to an ATP, K+ and Mg2+ 
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containing solution and they contracted as the original muscle tissue. By contrast, neither the 

single actin filaments nor the single myosin filaments showed the same effect. In the 

following decades large number of biochemical research was carried out in order to reveal the 

mechanism of the muscle contraction. As described above, three theories have been proposed 

to explain the actomyosin interacton mechanism since the late 1950s (sliding filament, 

swinging cross-bridge and swinging lever-arm theories). This is the history of the motor of 

the machina carnis, the conventional skeletal muscle myosin II, since all the above studies 

were based on the muscle derived myosin II.  

In 1973, Pollard and Korn were the first who discovered a non-conventional myosin in the 

soil amoeba, Acanthamoeba castellanii (12). This motor consisted of a conserved myosin 

head domain, but from the neck region it was very different from the conventional myosin. 

Since then, a large body of biochemical, hystochemical and cell-biological works have been 

engaged in the exploration of the wide spectra of the unconventional myosin groups. 

Besides the non-conventional myosins and the muscle derived myosin II, many other forms of 

non-muscle myosin II-s have been isolated and characterized so far. My work was also based 

on a non-muscle myosin II from the cellular slime mold Dictyostelium discoideum.  This 

myosin shares common structural and functional features with the muscle myosin II. It serves 

as a good model system to investigate the structural and functional properties of myosin IIs, 

because the Dictyostelium expression system is widely used, and in contrast to the skeletal 

myosin II the mutagenesis of the autologous Dictyostelium myosin II fragments can be 

routinely carried out. 

 

Structure and function of myosins 

 

The conventional skeletal muscle myosin II is a hexameric protein, which consists of two 

heavy chains (220 kDa each), two essential light chains (cca. 20-20 kDa) and two regulatory 

light chains (cca. 20-20 kDa). Both light chains bind to the lever-arm of the heavy chains 

(Fig. 6).  

Limited proteolysis played an important role in the understanding of the structural and 

functional properties of the myosin molecule. The chymotryptic treatment resulted in two 

digestive fragments of the myosin, the light meromyosin (LMM) and the heavy meromyosin 

(HMM). The isolation and the characterization of these fragments were carried out by András 

Szent-Györgyi and János Gergely. Further significant works on these and other proteolytic 
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Figure 6 – Structure of the conventional myosin II. 
 
Upper part of the picture shows the electron microscopic image 
of myosin II molecule (www.mih.unibas.ch). Lower part is the 
schematic view of the dimeric myosin II composition 
(protein.bio.msu.ru). Limited proteolytic analysis divided the 
myosin II molecule into subfragments: the light meromyosin 
(LMM) and heavy meromyosin (HMM) fragments. HMM is 
further divided into S2, which constitutes the rod region with 
LMM, and S1 region, which is responsible for catalytic functions. 
S1 consists of the light chain binding domain and the motor 
domain. 

fragments were performed by Endre Bíró, the founder of the Department of Biochemistry at 

Eötvös Loránd University, and his collaborators.  

LMM is responsible for the dimerization of the two heavy chains. HMM exhibits actin-

binding, ATPase and light chain binding properties. Further proteolysis, with papain, digest 

the HMM into two parts, the subfragment 1 and 2 (S1 and S2). Tryptic treatment of the S1 

results in further structural-functional units. The fragments are called Balint-fragments after 

Miklós Bálint, who first isolated them (13), . These fragments from the N-terminus are the 25 

kDa, the 50 kDa (further divided into the upper and the lower 50 kDa subdomain by a large 

cleft) and the C-terminal 20 kDa subdomains (Fig. 7).  

Functional units of S1 were 

assumed to be developed by these 

subdomains: the nucleotide-

binding site (active site) was 

supposed to be the cavity between 

the 25 and the upper 50 kDa 

subdomains; the actin-binding 

cleft was supposedly formed by 

the upper and lower 50 kDa and 

the 20 kDa subdomains; the 

converter was thought to be the 

part of the 20 kDa subdomain 

with the light-chain binding 

domain. However, it is now clear 

that these fragments are only 

products of the digestion of 

certain surface loops, and that all 

of them participate in the 

development of functional units – acting in concert.  

Both the conventional or the unconventional myosins have a conserved N-terminal head 

domain, which binds actin with high affinity and hydrolyze ATP, therefore it is commonly 

called the motor domain. In addition to the head domain, all myosins consist of a neck region 

and a tail domain. Both (the neck and the tail) show significant variation between the different 

myosin classes conforming to the different functions in the cells carried out by the particular 

myosins. 
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The neck or lever-arm domain – the amplificator of the short-scale movement generated in the 

head – is usually supported by calcium binding EF-hand family member light chains, mostly 

calmodulin. Conventional myosins also have a lever-arm supported with an essential and a 

regulatory light chain (ELC and RLC, respectively) (Fig. 7). These light chains are 

responsible for the rigidity and the regulation of the myosin II.  

 

Conventional myosins end in a long coiled-coil forming α-helix responsible for dimerization 

or filament formation in muscle cells. The dimer forming unconventional myosins also 

possess a coiled-coil forming α-helix. The majority of the unconventional myosins have an 

additional C-terminal cargo binding domain as well. 

 

 
Figure 7 – High resolution atomic structure of myosin S1. 
 
The X-ray crystal structure of the nucleotide free myosin II S1 from bay scallop (Aequipecten irradians) 
(Houdusse et al. (2000) Proc.Natl.Acad.Sci.USA. 10;97(21):11238-43.). Structure is color-coded as commonly 
used: the N-terminal 25-kDa subdomain (green); the 50 kDa subdomain is further divided into upper- (red) 
and lower (grey) 50 kDa subdomains splitted by the large cleft responsible for actin binding; nucleotide 
binding pocket is developed by the 25 and the upper 50 kDa subdomains; the C-terminal 20 kDa subdomain 
which is also called as converter domain (blue) serves as the basis of the lever-arm (also blue); essential light 
chain (ELC, yellow) and regulatory light chain (RLC, magenta) bind to the lever-arm of myosin. 
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Structure and function of the motor domain 

 

The motor domain is the only common feature that determines a protein to be a myosin family 

member. Because of the large number of myosins it is sometimes difficult to align the 

sequences, but in turn there are some functional regions, which are highly conserved among 

myosins and help us to align and classify these proteins.  

 

The first resolved atomic structure of a myosin fragment was the chicken skeletal muscle S1 

(6). This structure was crystallized with no bound nucleotide in the nucleotide-binding cleft, 

and therefore it was called the near-rigor structure. The discovery of this structure was a 

milestone, because it revealed the subdomain structures, and triggered the elucidation of the 

communication pathways between them. 

So far, tens of X-ray structures of myosin fragments have been resolved from different 

species (chicken, rabbit, Dictyostelium discoideum, sea scallop, squid, etc.), different types 

(skeletal and non-muscle myosin II, smooth muscle myosin II, unconventional myosins etc.) 

and different forms (S1, motor domain and mutant forms of them) with different nucleotides 

and nucleotide analogs (ADP, ADP.BeFX, ADP.VO4, ADP.Al.F4, AMP.PNP, ATPγS, PPi, 

non-nucleotide analogs and the nucleotide free form) bound to the active site. 

 

Myosins are members of the ancient P-loop NTPase fold, because they possess the common 

structural domain structure of the P-loop NTPase domains (14). These domains form the 

largest monophyletic globular protein domain group, which can be found in the proteom of 

most cellular organisms (15). Structurally, the P-loop NTPase fold is a globular fold with at 

least 5 α/β units, where the strands form a core parallel sheet (16). This fold contains two 

conserved motifs: the Walker A motif (GXXXXGK[T/S], where X is any amino acid) and the 

Walker B motif (hhhhD, where h is hydrophobic) (14). Walker A motif is called the P-loop, 

since it plays a role in phosphate binding in many GTP- and ATP-binding proteins. In 

addition to the P-loop, there are two important loops of many of the P-loop NTPases, the 

switch 1 (NNNSSRFG) and switch 2 (SGFE) loops. P-loop, switch 1 and 2 loops are the part 

of the active site of myosin as well, and all play a fundamental role in the ATPase reaction. 

Both switch 1 and 2 play central role in the communication pathways between different parts 

of the molecule: Switch 1 establishes a connection between the actin-binding cleft and the 

nucleotide-binding active site; while Switch 2 transmits the information from the active site to 

the lever-arm. 
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Switch 1 loop establishes a connection with the actin-binding site through a conserved 7-

stranded β-sheet core of the 50 kDa subdomain. The extended actin binding surface of myosin 

consists of the large actin-binding cleft dividing the 50 kDa subdomain and several surface 

loops. There is a significant variation between the sequence and length of the surface loops 

belonging to different myosin classes. These loops play crucial roles in actomyosin 

interaction, which are summarized in Table 1.   

Switch 2 is connected with the relay helix through an H-bond (Gly457 of switch 2 and 

Asn475 of the relay helix) and is also coupled with the wedge-loop through hydrophobic 

interactions between two phenylalanines (Phe458 of switch 2 and Phe537 of the wedge-loop). 

The C-terminus of the relay helix is close to the converter domain, which is the basis of the 

lever-arm. Another important structural element, the SH-1 helix is also attached to the 

converter domain at its C-terminus and to the wedge-loop at its N-terminus.  

 

Both switch loops respond to nucleotide binding with conformational changes. When ATP 

binds to the motor domain, it triggers the closure of switch 1 loop, which stabilizes nucleotide 

in the active site. This closure of switch 1 is accompanied by the opening of the actin-binding 

cleft, because they are coupled through the 7-stranded β-sheet core. The closure of the actin-

binding cleft was suggested to be the result of the movement of the upper 50 kDa subdomain 

relative to the lower 50 kDa subdomain. The coupled closure of switch 1 loop and opening of 

the actin-binding cleft is thought to move together as a rigid body. 

ATP hydrolysis requires the closure of switch 2 loop as well. The closure of the switch 2 loop 

is accompanied by the priming of the lever-arm to its up position (recovery-stroke), which is 

the result of the large conformational change in the converter region. According to recent 

computational simulations (17) this process has two phases (Fig. 8):  
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1. In the first phase, Gly457 of the switch 2 loop moves towards the ATP. The closure of the 

switch 2 pulls the relay helix through an H-bond between Asn475 and Gly457. The relay 

helix responds with a seesaw mechanism (pivots around Phe652), which triggers the motion 

of the converter domain, which in turn constitutes the initiatesion of the recovery-stroke.  

2. The second phase is triggered by the H-bond formation between the Ser181 of the P-loop 

and the backbone of switch 2 loop, which moves switch 2 loop towards the P-loop. This is 

accompanied by the pulling of the wedge loop through the phenylalanines Phe458 and 

Phe537 as well. Since the wedge-loop is attached to the N-terminus of the SH-1 helix, its 

movement triggers a pushing effect on the SH-1 helix, which induces further movement of the 

converter domain and results in further priming of the lever-arm (in sum 65º rotation during 

recovery-stroke). The end of these structural changes is the pre-power-stroke state, which is 

necessary for ATP hydrolysis.  

ATP hydrolysis is then followed by further changes in the binding pattern between the γ-

phosphate and the switch loops. These changes trigger conformational changes including the 

opening of switch 2 loop, which is coupled to the reorientation of the lever-arm to its down 

 
 
Figure 8 – Schematic representation of the recovery-stroke 
 
This figure is modified from the recently published paper (Mesentean S et.al. (2007) J.Mol.Biol.). Panel A 
and B show the first phase of the recovery-stroke; Panel C and D show the second phase of the recovery 
stroke.  
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Figure 9 – Electron cryo-microscopic image 
reconstruction of decorated actin filaments. 
 
Panel A shows the electron microscopic image of the myosin S1 
decorated actin filament. S1 fragments bind to actin filaments in an 
“arrowhead”-like manner. Panel B shows the reconstructed surface 
image of the cryo-EM picture. X-ray crystal structure of myosin S1 
is fitted into this envelop (panel C), however, the upper 50 kDa 
subdomain of myosin doesn’t fit into. Therefore, the torsion of the 
X-ray structure is required for the best fit of S1 into the envelop, 
which suggests the closure of the upper 50 kDa subdomain upon 
actin-myosin binding. (Based on Rayment et.al. (1993) Science; 
and Holmes et.al. (2003) Nature, Holmes et.al. (2004) Philos Trans 
R Soc Lond B Biol Sci)  

position (reverse recovery-stroke). Note that in the presence of actin this movement of the 

lever-arm constitutes the power-stroke of myosin. 

Rebinding of actin to the myosin-products complex initiates the closure of the actin-binding 

cleft, which is coupled to the opening of the switch 1 loop. This swich 1 opening weakens the 

interation between the products and the active site and further destabilizes the closed 

conformation of switch 2. This series of events lead to the reorientation of the lever-arm (i.e. 

the power-stroke of myosin) and to the product release events.   

 

Structure of the actomyosin complex 

 

All of the X-ray structures 

resolved to date are in the actin 

detached state. However, we 

have kinetic and computational 

data about the processes in 

myosin upon actomyosin 

interaction. Structural 

information about the actin 

attached, strong actin-binding 

states can be obtained by 

electron cryo microscopy (cryo-

EM) and image analysis of actin 

filaments decorated with 

myosin (18-22) (Fig. 9). Such 

data provide strong constrains 

for the computational docking 

of the X-ray structures of actin 

monomers and myosin heads 

into the surface map of the myosin decorated actin filaments. The advantage of this approach 

is that the interacting regions can be detected. However, the method itself has limitations, 

because the fitted X-ray structures are in the weak binding states. It is a challenging field of 

research to determine the details of the interacting regions. 
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Based on the structure of the myosin II-decorated actin filament by Schroder et. al., in the 

primed state (pre-power-stroke) the lever-arm of myosin head forms a 45º angle with the axis 

of the actin filament, which angle will be 90º after the force generating power-stroke (post 

power-stroke) (Fig. 10) (20). This is accompanied by a 10 nm displacement of the end of the 

lever-arm.  

 
Cryo-EM image analysis provided the first insight into the large conformational changes in 

response to nucleotides. M. Whittaker et. al. showed on smooth muscle myosin II that the 

light chain binding domain swings 23º when ADP releases from the head (Fig. 11 A and B) 

(23). Afterwards, many other types of myosins showed similar nucleotide dependent behavior 

(myosin I (24), non-muscle myosin II (25), myosin VI (26)). Whether this additional swing of 

the lever-arm participates in the power generation or if it is a movement sensor of myosin, 

remains a question. Further interesting observation were made using this method when Wells 

et. al. found that myosin VI moves in the opposite direction (-end motor) on the actin 

filaments than other myosins do (Fig. 11 C and D).  

 

 

 
 
Figure 10 – Reconstructed structure of the actomyosin complex in the pre- and post 
power-stroke states. 
 
Upper part of the figure shows the acto-myosin complex when myosin S1 structure is in the primed (pre 
power-stroke, closed switch 2) state. In this state the lever-arm of myosin forms a 45° angle with the actin 
filament. Lower part shows the complex in the relaxed (post power-stroke, open switch 2) state, where the 
lever arm is perpendicular with the actin filament. The displacement between the two states at the end of the 
lever arm is ~10 nm. Note that there is a difference in the angles between the orientation of actin and myosin 
head in this atomic reconstruction model and the original “swinging cross-bridge” model at Fig. 4, because 
there is a 90° angle in the primed state. (Modified from www.mpinf-heidelberg.mpg.de (Fischer et.al. 
(1995) Biochemistry; Smith & Rayment (1996) Biochemistry ) 
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Figure 11 – Cryo-EM image reconstruction of 
the actin filament decorated myosin heads. 
 
Panel A and B shows the smooth muscle myosin decorated 
actin filament in the ADP bound (panel A) and in the rigor 
(panel B) states. These images suggested a 23° swing of the 
lever arm, which might be the final substep of the power-
stroke or a movement sensor of smooth muscle myosin. 
Panel C and D is the ADP bound and rigor cryo-EM image 
of myosin VI, respectively. These pictures showed the 
unique backward (- end) directionality of myosin VI. (Wells 
et.al. (1999) Nature) 

Further importance of these cryo-EM images is that the structural elements on both acin’s and 

myosin’s interaction surfaces can be investigated in more details. For example surface loops 

can be identified as interacting elements, which might serve novel information about the role 

of such structural modules.  

Although the atomic structure of the 

actomyosin complex is unrevealed, 

yet, recent crystal structures of non 

muscle myosin V (27;28), pig myosin 

VI (29), Dictyostelium discoideum 

myosin II (30), and molluscan (squid: 

Loligo pealei, sea scallop: 

Placopecten magellanicus) myosin 

IIs (31) are resolved in the absence of 

nucleotide and actin. These “rigor-

like” or “near-rigor” states have 

structural and functional implications 

on the rigor S1 state, when compared 

to the “post-rigor” and “pre-power-

stroke” states.  

There are characteristic features of all 

known rigor-like structures. These 

are important, because they provide 

some structural insights into the 

processes that probably occur upon 

actin binding. The most pronounced 

peculiarity of the near-rigor states is the closure of the large cleft dividing the 50 kDa 

subdomain, which is the result of the “counter-clockwise” reorientation of the upper 50 kDa 

subdomain compared to the N-terminal subdomain (Fig. 15). The closure of the outer part of 

the cleft has significant role as it provides the basis for a strong and productive actin binding 

(19;28;32).  

These near-rigor structures reveal the characteristics of the active site as well. Switch 1 loop is 

positioned near and practically “above” the switch 2 loop in all structures which represents 

the open switch 1 state. Furthermore, the 7-stranded-β-sheet core of the motor domain is fully 

twisted in the rigor-like structures. Note that according to the literature this twisted 
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conformation of the β-sheet is a result of the “distortion” of the sheet. However, this is the 

relaxed, unstrained state and the “untwisting” of the sheet requires input of energy, 

originating from the ATP binding, indeed (31). 

Further intriguing features of these structures are related to the position and interactions of the 

converter/lever-arm module. Rigor-like structures possess a straight relay helix in both 

myosin V and myosin II. There is a small difference between the near-rigor and post-rigor 

states in both the converter/lever-arm region and the position of the switch 2 loop. This 

finding has important consequences, because computational simulation experiments (33) 

dealing with the processes during the “recovery-stroke” (the transition between the rigor-like 

and the pre-power-stroke state) investigated the transition between the post-rigor and the pre-

power-stroke state. However, post-rigor state is now, in the light of the near-rigor structures, 

thought of as an “intermediate” state in the recovery-stroke (albeit it is much more similar to 

the rigor state than to the end state).    

 

Kinetics of myosin ATPase in the absence of actin 

 

The processes described in this section are common in the myosin superfamily, but naturally 

the kinetic parameters differ for each type of myosin, and even for their tissue specific 

isoforms. Therefore, I will demonstrate the general schemes, focusing on rabbit fast skeletal 

muscle myosin and Dictyostelium discoideum myosin II parameter values. 

 

The first detailed kinetic model (Scheme 1) of the myosin ATPase cycle was presented by 

C.R. Bagshaw and D.R. Trentham in the early 1970s (34;35). They used the intrinsic Trp 

fluorescence of the rabbit skeletal muscle myosin II as a sensor of the conformational changes 

occuring in myosin during the ATPase reaction. In their scheme, nucleotide binding was a 

two-step process: 1. The second-order ATP-binding step: the formation of the collision 

complex (M.ATP) is an equilibrium step (K1). 2. This is followed by a practically irreversible 

conformational change coupled with large free-energy decrease (K2). The later step was 

assumed to be sensed by Trp fluorescence as the overall Trp fluorescence of myosin was 

enhanced (M*).  
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Scheme 1 

 

In the Bagshaw-Trentham scheme, this first fluorescent enhancement was followed by the 

further enhancement of the overall Trp fluorescence (M**). This was supposed to be coupled 

to the freely reversible ATP-hydrolysis step with K3=1-10 (34-38). Note that the overall ATP 

hydrolysis process catalyzed by myosin is irreversible Keq=[ADP][Pi]/[ATP]=106 M, but in a 

multistep kinetic scheme substeps can be reversible.  

According to the quench-flow experiments by Bagshaw and Trentham, the rate-limiting step 

of the myosin ATPase cycle is the post-hydrolysis phosphate release step (k5~ 0.1 s-1).  

In the Bagshaw-Trentham studies, the ADP release was also demonstrated to be a two-step 

process (K6K7).  

 

This scheme was extended by András Málnási-Csizmadia et.al. in the Bagshaw-Lab in 2000 

(39). They applied a single Trp containing Dictyostelium myosin II motor domain mutant 

(W501+). The advantage of using a single Trp mutant is that the fluorescence changes sensed 

by tryptophan fluorescence can be assigned to changes of a certain structural region. Trp501 

is a native residue in the Dictyostelium myosin II, which takes place in the relay region, close 

to the lever-arm of myosin. In the W501+ construct all other tryptophans were changed to 

phenylalanines, therefore the signal changes could be interpreted as the changes of the relay 

region. Trp501 fluorescence was demonstrated to be sensitive for the large conformational 

changes of the motor domain during the ATPase cycle. Using this construct the Bagshaw-

Trentham scheme was confirmed and, however, refined (Scheme 2). 
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Figure 12 – Stopped-flow records of 
W501+ mixed with ATP  
 
Mixing W501+ with ATP in a stopped-flow apparatus 
results large fluorescence intensity enhancement (M*). 
This is coupled to the open-closed transition of switch 
2. At low temperatures the fluorescent enhancement is 
preceeded by a fast quench phase. The quenching 
phase is the result of the opening of switch 2 (M†) 
loop upon nucleotide binding. This figure is modified 
from Malnasi-Csizmadia et.al.(2001) Biochemistry.  

 
 

Scheme 2 

 

Trp501 fluorescence responds to nucleotide binding with a fluorescence quench (~15 %). This 

decreased fluorescence state (M†) was demonstrated to be characterized by an open switch 2 

state. As crystal structures revealed, ATP hydrolysis requires the closure of switch 2 loop, 

which is also sensed by Trp501 fluorescence. The closed switch 2 state is characterized by an 

enhanced (~80-100%) fluorescent state (M*). (Note the difference between M* in Scheme 1 

and Scheme 2.). Using this construct it was 

possible to separate the recovery-stroke 

step (step 3a) from the hydrolysis step (step 

3b) (39;40). Both steps were demonstrated 

to be reversible steps, which confirmed the 

Bagsaw-Trentham scheme concerning the 

reversibility of ATP hydrolysis.  

Figure 12 shows the stopped-flow records 

of the reaction between W501+ and ATP 

(the detailed description of the stopped-

flow transient kinetic method can be found 

in the Appendix). The rate of ATP binding, 

coupled with the fluorescence quench, and 

the rate of the open-closed transition, 

coupled with the large fluorescence 

enhancement, are temperature-dependent 

processes but they are of similar magnitude 
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at all temperatures. At 20°C the quench phase is nullified, because the concentration of 

M†.ATP and M*.ATP, determined by the equilibrium constant of ATP binding (K2) and the 

open-closed transition (K3a), are balaced to give an observed fluorescent level close to 1 

(similar to that of the apo state). Moreover, the open-closed transition is strongly temperature-

dependent, which enabled the binding and the isomerization reaction to be separated at 2°C in 

the stopped-flow apparatus. The observed quench preceeding the large enhancement 

confirmed the existence of the open M†.ATP state.  

The detailed rapid kinetic characterization of W501+ revealed that step 3 in Scheme 1 can be 

separated into two distinct but coupled steps. Step 3a was assigned to the large 

conformational change coupled with the open-closed transition of the switch 2 loop. This step 

is reversible and pushed toward the open state (down lever-arm position) (K3a=0.4). Step 3b, 

the ATP hydrolysis step, pulls this equilibrium toward the closed state (up lever-arm 

position), because the equilibrium of the hydrolysis step is pushed toward the M*.ADP.Pi 

state (K3b=82). Therefore, these two processes are kinetically distinct from, but coupled to 

each other, and the rate of hydrolysis determines the observed fluorescent enhancement. That 

is the reason why – despite step 3a is a fast process ((k3a+k-3a)> 1000 s-1) – the observed 

fluorescence enhancement is kobserved= 30 s-1. 

The reversibility of the hydrolysis was also demonstrated by Mannherz et.al. (41), when they 

added a large amount of radioactively labeled phosphate (32P isotope) and ADP to myosin and 

a significant amount of labeled-ATP was detected. 

However, several questions still remained unresolved. The post hydrolysis events are only 

assumptions and direct experimental evidence are lacking. For example the rate-limiting step 

of the basal ATPase cycle has been assumed to be the phosphate release step, but direct 

evidence cannot support this fact, because phosphate release can be limited by a preceeding 

slower conformational change (step 4). Whether the conformational change and the phosphate 

release step (step 4 and 5, respectively) are coupled or separated steps, and which one occurs 

first are also unanswered questions.  

Answering these questions is fundamental to understanding the problem, because each 

version supports a different working mechanism: whether myosins work with a Brownian 

ratchet mechanism, or with a strain-induced conformational change mechanism is not decided 

yet.  

The Brownian ratchet mechanism supports a working model where a fast equilibrium step is 

followed by a slow step, which stabilizes the enzyme in one conformation. This model 

suggests a fast reverse recovery-stroke step followed by a slow (rate-limiting) phosphate 
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release step. In this case phosphate release would stabilize myosin’s conformation in the 

down lever-arm position.  

The other possibility is that a slow equilibrium step is followed by a fast step. If this was 

valid, the slow (rate-limiting) conformational change would be followed by a relatively fast 

phosphate release step. This is called a strain-induced conformational change, because in this 

case – in the absence of actin – the conformational change of the motor domain is hindered 

(therefore slow). Actin binding, however, induces a strain in the motor domain, which helps 

to overcome this obstacle. 

Therefore, determining the rate-limiting step in the ATPase cycle would decide between the 

two mechanisms.  

This would also help us to answer the question of which step is activated by actin, because 

actin does have an accelerating effect on the rate-limiting step.  

 

Kinetics of myosin ATPase in the presence of actin 

 

The previous statements correspond to the processes in the absence of actin. Indeed, actin 

affects the kinetic scheme significantly. The main difference in the concept of the discussion 

when actin is presented is that one has to pay attention to the actin binding cleft and the 

switch 1 loop as well.  

Scheme 3 is the modified scheme presented in a previous study (42). It is easier to understand 

the scheme if we divide it into two and then three more parts. The first dividing line (red line) 

corresponds to the open-closed transition of switch 1 (first character in the lower index). This 

transition indicates the weak-to-strong transition in the actin binding cleft, and naturally vice-

versa. The second type of division (green lines) corresponds to the open-closed transition of 

switch 2 (second character in the lower index) (discussed in the above paragraph), which is in 

concert with the priming of the lever-arm to the pre-power-stroke state (recovery-stroke), and, 

of course, the closed-open transition of switch 2, which constitutes the actin induced power-

stroke.  
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Scheme 3 

 

In the enzymatic cycle of myosin, actin acts as an allosteric activator protein (activator 

protein). This activation results in a 100-fold acceleration of myosin’s basal ATPase activity. 

In Dictyostelium myosin the basal activity=0.05 s-1, while the actin activated activity is ~4 s-1. 

 

The actomyosin rigor complex is practically irreversibly formed when actin is added to apo 

myosin (Kd= 30-70 nM). Actin binding is coupled to the closure of the actin-binding cleft, 

thereby deceloping the strong actin binding properies of the motor domain. The closure of the 

cleft is coupled to the conformational change (twisting) of the 7-stranded β-sheet and the 

opening of switch 1 loop as well. Whether this closure of the actin-binding cleft is an 

irreversible step or an equilibrium step is unrevealed yet. Moreover, it has not been 

investigated whether the actin-binding cleft is in a single state in the different nucleotide- and 

actin bound states. These questions, by definition, can not be answered based on crystal 

structures. Therefore, even if we had the crystal structure of the actin-myosin complex, these 

questions would still require a kinetic analysis of the processes in the actin-binding cleft 

during the ATPase cycle.  

ATP binding is unaltered by the presence of actin, however, switch 1 closing is slowed down. 

According to our results (43), ATP pushes the equilibrium of switch 1 loop to the fully closed 

state, thereby initiating the opening of the actin-binding cleft and the dissociation of actin and 

myosin. This is structurally coupled with the untwisting of the 7-stranded-β-sheet core, which 

stores the energy gained from ATP binding (31). ATP hydrolysis coupled with the open-

closed transition of switch 2 loop is only slightly affected by actin, and these processes in the 

detached states are the same as described in the previous section. Actin has a major effect on 
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the rate-limiting step of actomyosin ATPase cycle, which was assumed to be the release of 

phosphate from myosin. This assumption was supportred by the affinities of the different 

myosin-nucleotide states: The acto-myosin rigor and acto-myosin-ADP states are known as 

strong actin binding states, while M.ATP and M.ADP.Pi states possess weak actin-binding 

properties. Based on logical considerations, after ATP hydrolysis phosphate should release 

first, preceding the opening of switch 2, because this opening is coupled with the reorientation 

of the lever-arm region, which is the power-stroke in the actin attached state. If the lever-arm 

movement occurred first (in the weak actin-binding M.ADP.Pi state) and the phosphate 

release afterwards, this would lead to a futile enzyme cycle, because the power generating 

step would occur between weak actin binding states, and so the energy gained from ATP 

would be lost. However, this is only a logical argumentation. What if this scenario was not 

valid? The Bagshaw-Trentham scheme suggests that step 4 (reverse recovery-stroke) is a slow 

isomerization step, which precedes the phosphate release step, therefore this step should be 

accelerated by actin. In other words, what if the power-stroke occurs first despite the low actin 

affinities of the M.ADP.Pi states? These questions are directly coupled to the questions raised 

in the previous section: namely, which step is the rate-limiting step in the basal ATPase 

cycle? Because either the phosphate release or the reverse recovery-stroke is the rate-limiting 

step, that particular step is accelerated by actin. 

If the second scenario was valid: 1. the reverse recovery-stroke is the rate-limiting step 2. and 

therefore this step is activated by actin 3. phosphate release occurs only after the power-

stroke, it would raise some interesting questions: 

Which structural elements are responsible for the binding and stabilization of the actomyosin 

complex in the weak actin binding states in order to avoid significant futile cycles?  

If the reverse recovery-stroke is the rate-limiting step, and consequently it is a slow process, 

then what is the difference between the processes of the recovery-stroke and the reverse 

recovery-stroke? They seem as symmetrical events of the same conformational change, 

namely the lever-arm down-up/up-down transition. Then what is the reason for the more than 

four orders of magnitude slowing of the reverse recovery-stroke (k=0.05 s-1) compared to the 

fast recovery-stroke step (k~1000 s-1)? 

Moreover, if the reverse recovery-stroke is the rate-limiting step and therefore it is activated 

by actin, then what is the difference between the reverse recovery-stroke step in the actin 

detached form and the actin induced power-stroke? Why is the first a very slow step, while 

the latter is two orders of magnitude faster (0.05 s-1 and ~4 s-1, respectively)? In other words, 
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what structural changes are triggered in the motor domain by actin, which explain this 

acceleration? These would also explain the activator mechanism of actin. 

Furthermore, if the opening of both switch 1 and 2 occur previous to the phosphate release 

step, do we still need the ‘back-door’ hypothesis for phosphate release to explain the release 

event? This hypothesis was based on the prerequisite that there is a steric hindrance of the 

phosphate release on the ‘front door’ where nucleotide enters the active site (44;45). Because 

the closed switch 1 and 2 loops don’t let enough space for phosphate to leave the active site 

through the ‘front door’, another way was assumed to open during the ATPase cycle for 

phosphate to release. This alternative route was called the ‘back door’. 

From these questions it is clear that the direct experimental determination of the rate-limiting 

step of myosin’s ATPase cycle would answer many important questions which are 

fundamental in the understanding of the working mechanism of myosin. These answers would 

take us closer to the understanding of the working mechanisms of enzymes in general as well. 
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Aims of the study 
 

Actin binding of myosin II (Chapter I.) 
 

Actin binding is the key moment in myosin’s ATPase cycle, because actin accelerates 

myosin’s ATPase activity by orders of magnitude. Several structural elements on myosin’s 

surface have been demonstrated to play a role in the actin binding process of myosin. Based 

on computational docking experiments, loop 4 was suggested to be another structural element 

of the actomyosin ineracting surface of this kind. However, the crystal structures resulted in 

equivocal findings about its function. Therefore, we developed loop 4 mutant myosin motor 

domains in order to provide convincing data about loop 4 functions in the actomyosin 

interaction. 

Based on structural data, actin binding is accompanied by large conformational change in the 

actin-binding cleft. It is still not resolved whether this closing is an irreversible or an 

equilibrium step. It also remains unanswered whether the actin-binding cleft is in a single 

state in the different nucleotide- and actin bound states. This is a question, which requires 

kinetic investigations. We carried out EPR experiments to elucidate these questions. 

 

 

Actin activation and product release of myosin II (Chapter II.) 
 

Actin exerts its main effect in the myosin ATPase cycle on the rate-limiting step. However, 

direct experimental evidence for determining the rate-limiting-step is lacking. Phosphate 

release step has been thought to be the rate-limiting step of myosin II ATPase cycle preceding 

the large conformational change constituting the power-stroke. Whether these two processes 

are separate steps of the enzymatic cycle or they are coupled to each other, and which one is 

the rate-limiting step in the ATPase cycle have remained ambiguous until now. To answer 

these questions it is important to decide whether myosin uses the Brownian ratchet or the 

strain induced conformational change working mechanism.  

Thus we aimed to separate these enzymatic substeps and determine the precise kinetics of the 

large isomerization step and the product release steps, in order to assign the rate-limiting step 

of the cycle. This would reveal the mechanism of actin activation as well. 
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Chapter I. 
 
Actin binding of myosin II 
 
I.1. Introduction 

 
This chapter is concerned with actin binding, one of the key steps in the actomyosin ATPase 

cycle. Several structural elements on the actomyosin interacting surface have been 

characterized so far and they were demonstrated to play a functional role in the actomyosin 

interaction. Besides these surface structural elements, the large cleft dividing the motor 

domain was demonstrated to be a fundamental actin-binding structural region. This cleft was 

demonstrated to overcome a large conformational change in an actin dependent manner. 

Nevertheless, we know little about the role of the different structural actin binding elements in 

the weak-to-strong actin binding transition. 

In this chaper I demonstrate a detailed kinetic analysis of the widely argued phenomenon 

about the functional role a conserved structural element on the actin binding surface (loop 4) 

of myosin II. We were interested in the role of loop 4 in the weak-to-strong actin binding 

transition. 

Furthermore, I present an EPR analysis of the processes concerning the actin-binding cleft. 

These experiments elucidate: 1. whether cleft closure is an irreversible or an equilibrium step 

and 2. whether the actin-binding cleft is in a single state in the different states (weak and 

strong actin binding states) during the actomyosin ATPase cycle. 

 

Based on the computational docking results of Holmes et.al. (18) and A.K. Tsaturyan, loop 4 

was proposed to be functional actin-binding element of myosins. Holmes docked the chicken 

skeletal myosin II S1 structure to a part of the actin filament consisting of three actin 

monomers. Furthermore, he adjusted the actin binding regions of the myosin head into the 

cryo-EM envelope in order to mimic the strong actin binding state. Tsaturyan carried out the 

similar experiment except for the fact that he worked on Dictyostelium myosin II and used 

only one actin monomer. Both simulations implicated loop 4 to interact with actin in the 

actomyosin complex.  
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Besides the theories concerning the structural changes in the head domain of myosin, there 

are several interesting questions about the processes during the binding reaction, which  

remain unanswered. The following questions have not yet been discussed in this thesis:  

1. How does the interaction between actin and myosin come into existence?  

2. How is the interaction stabilized?  

A large number of papers deal with the surface loops and the regions of the actomyosin 

interaction surface. They have been demonstrated to form electrostatic interactions developing 

the attractive and stabilizing effects from both actin’s and myosin’s view. Table 1 (please find 

all tables at the end of the thesis) summarizes the previous works with these functional sites, 

focusing on the mutations and their effects on the ATPase activities. 

Loop 4 is a conserved surface loop 

of myosin head domain in all 

myosin classes. Each myosin 

possesses loop 4 but its length 

varies much between the subtypes 

and isoforms. Loop 4 takes place at 

the upper 50 kDa subdomain of the 

motor domain (Fig. 13, 1Q5G.pdb) 

in the close proximity of the so 

called cardiomyopathy loop (CM-

loop). The numbering of the loop 

residues can be found in Table 2 

(based on (46)) with the isoforms 

connected with our work. Unless 

otherwise noted, I will use the 

Dictyostelium numbering.  

A three-state docking model of actomyosin interaction suggested by Geeves and Conibear 

(47) showed that the development of the collision complex between actin and myosin is a 

highly ionic-strength dependent process. This confirmed the results of previous studies (48-

50), which showed that electrostatic interactions play an essential role in the actomyosin 

complex formation.   

 
 
Figure 13 – Dictyostelium myosin II motor 
domain (1Q5G.pdb); loop 4, F359 and E365 are 
highlighted. 
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The loop 4 of myosin has recently been suggested to play direct or regulatory role in the 

actomyosin interaction. K. Ajtai et.al. proteolytically digested cardiac myosin S1’s loop 4 and 

demonstrated that the loop 4 of myosin was protected from limited tryptic proteolysis when it 

was complexed with actin (51). However, ambiguous results have been published since then 

about the role of loop 4 in actin-myosin interaction: Root et.al. (52) carried out dynamic 

docking experiments of myosin and actin and suggested that loop 4 might interact with actin 

at actin’s N-terminal subdomain and with the AA 90-100 region of actin. One year later loop 

4 was mentioned in a Nature paper by Coureux et.al. (27) as a previously uninvestigated loop 

that may interact with actin. In 2004, Holmes et.al. (53) fitted myosin V crystal structure into 

the cryo-EM density map of rigor actomyosin complex and described loop 4 as a possible 

participant of the binding site. In another study Ajtai et.al. (54) showed that the proteolytic 

digestion of cardiac myosin’s loop 4 eliminated the actin-activated ATPase activity and 

reduced the rigor actomyosin affinity by 100-fold. The sliding velocity in the in vitro motility 

assay was accelerated by the mutation of the R370 of loop 4 in smooth muscle myosin into 

glutamate, which also indicates the functional role of the electrostatic interactions between 

actin and myosin. To further dissect the uncertainty about loop 4, I recall another 

investigation from 2005 by Geeves et.al. (55), who noticed that in their atomic model of the 

rigor myosin II and F-actin, loop 4 does not seem to make contact with actin. By contrast, 

Shestakov et.al. (56) suggested that loop 4 is involved in strong actin binding in myosin V. 

They carried out flexible computer docking of myosin V MD to F-actin and concluded that 

the interaction between actin and loop 4 is maintained by electrostatic and hydrophobic 

interactions. Very recently, the regulatory role of loop 4 has been demonstrated by Lieto-

Trivedi et.al. (57), who applied myosin Ib isoform, which has a long (12 amino acid residues) 

loop 4 region, and showed tropomyosin-dependent regulatory role of loop 4 in myosin I, 

because the mutation of the long myosin 1b loop 4 into Dictyostelium loop 4 sequence (8 

residues) abolished the tropomyosin inhibition of the in vitro sliding velocity. 

 

Having done the required modifications in the actomyosin interacting elements, Holmes et. al. 

fitted the crystal structure of chicken myosin S1 into a cryo-EM electron density map and 

revealed that E373 residue was in direct contact with actin’s basic residues (18) (Fig. 14). The 

Dictyostelium homolog of chicken E373 is E365, which seems to form a salt-bridge cluster 

with actin’s basic residues K326, K328 and R147 on the myosin binding surface of actin. It is 

important to note here that all of the class II myosins contain an acidic side-chain in this 
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Figure 14 – Detailed view of the acto-myosin interaction 
surface. 
 
Based on the computational docking experiments by Holmes et.al. (ref), the 
acidic residue (E373) at the tip of loop 4 (green) of chicken myosin S1 was 
proposed to form a salt-bridge cluster with actin’s basic residues (K326, K328, 
R147). The Dictyostelium homologue of E373 is E365, which was mutated into 
glutamine to eliminate the salt bridge from the interaction surface. Another 
important residue is the phenylalanine at the basis of loop 4, which is highly 
conserved among all myosin classes, and might play a role in the stabilization of 
the upper 50 kDa subdomain. 

position except for the fission yeast (Schizosaccharomyces pombe) myosin II, and it is also 

conserved in most of the unconventional myosin classes. 

 

Based on the 

docking results of 

Holmes et.al. (18), 

we aimed to test the 

role of E365 of 

myosin in the 

interaction between 

actin and myosin. 

This residue was 

assumed to form a 

complex salt-bridge 

with actin’s K328, 

K326 and R147 (Fig. 

14). We introduced 

the E365Q mutation 

to selectively 

eliminate the acidic 

negative charge from 

loop 4 without 

affecting other 

properties of the protein. We chose the E365Q mutation instead of the E365A to minimize the 

structural change. Our concept was supported by the work of Giese and Spudich (58) where 

they introduced the E531Q mutation into the helix-loop-helix motif of the Dictyostelium 

myosin II to similarly test the effect of the charge in actomyosin interaction.   

We designed another mutant where the entire loop was replaced by three glycines between 

positions K361-V368 to reveal the overall importance of loop 4 (∆AL). This mutation was 

not supposed  to affect the other elements of the motor domain since loop 4 is a separate 

surface loop and the substituted glycines allow enough flexibility for this region. 

Furthermore, we designed the F359A mutation, as well. This highly conserved aromatic 

residue at the basis of loop 4 (Fig. 13 and 14) was proposed to be responsible for the 
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stabilization of loop 4, the CM-loop and the long helix, which spans the upper 50 kDa 

subdomain (N410-C442 in Dictyostelium, V419-Q448 in chicken skeletal myosin).  

In order to investigate the effect of our mutations on the actomyosin interaction, mutations 

were introduced into the W501+ background. The W501+ construct served as a control model 

in our experiments, since this MD construct exhibits practically the same kinetic parameters 

as the wild type and was previously widely characterized by extensive rapid kinetic and 

spectroscopic analysises (39;40;59). In summary, our questions were: 

 

1. Is loop 4 an actin binding region? and if yes 

2. In which state (strong or weak actin binding states) does loop 4 play a role? 

3. Does loop 4 play a role in the actomyosin complex formation or in the stabilization of 

the complex? 

 

Actin binding is initiated by the interaction between the surface regions of myosin and actin 

(Table 1). The initiated weak actin binding then triggers further conformational changes in the 

motor domain, which ends in strong actin binding. This weak-to-strong transition of the 

actomyosin binding was proposed to be necessary for the productive working stroke of 

myosin. This process is reversed when ATP is added to rigor actomyosin complex, because 

ATP binding initiates the strong-to-weak actin binding transition. The most pronounced 

conformational change characterizing strong actin binding is the closure of the actin-binding 

cleft. The closure of the cleft was first suggested after Rayment et.al. first resolved the crystal 

structure of the chicken skeletal muscle myosin S1 in 1993 (6). The determination of this 

structure marked a milestone in the analysis of the actomyosin complex structure, since it 

served as a basis of computational refining and early docking experiments based on cryo-EM 

densitograms. In 1993 two papers were published concerning actomyosin rigor structure. 

Both were three-dimensional reconstructions of the actin filament decorated with myosin S1 

fragments, one of them was chicken skeletal muscle myosin II by Rayment et.al. (19) and the 

other one was Dictyostelium myosin II by Schröder et.al. (20). They applied frozen, hydrated 

form of the decorated filaments, shaped as arrowheads, in the cryo-EM to reveal the density 

map of the complex. Rayment’s S1 structure was fitted in both works, and both suggested 

actin cleft closure in the rigor (ATP-free) complex, because the atomic model of actin and 

myosin interpenetrated the cryo-EM envelop in the repositioning results. These results 

indicated structural changes in S1 during the formation of the rigor complex. Using the same 

method, Volkmann et.al. revealed some differences in the smooth muscle myosin rigor 
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formation mechanism, which were inconsistent with the earlier results on skeletal myosin II 

(21;22). They demonstrated that smooth muscle myosin II seems to have a partially closed 

actin-binding cleft in ADP bound state and that the cleft closure progresses in concert with 

further displacement of the lever-arm when ADP releases. This phenomenon was further 

confirmed by spectroscopic evidence by Yengo et.al. (60).  

To spectroscopically investigate the cleft closure upon actin binding to Dictyostelium myosin 

II, Conibear et.al. labeled two cysteins with N-(1-pyrene)iodoacetamide (61). These cysteines 

were engineered at different parts of the actin-binding cleft in a low cystein background MD 

construct. Pyrene excimer fluorescent peaks exhibited an actin and nucleotide-dependent 

change suggesting that the apo state of the cleft is a nearly open state, and that nucleotide 

binding causes further opening of the cleft. The opening of the cleft upon ATP binding in the 

working mechanism was assumed to be accompanied by the dissociation of the actomyosin 

complex. Furthermore, actin binding resulted in a quenched excimer fluorescent state, the 

presumed closed cleft state.  

This theory was further affirmed by a new crystal structure of the Dictyostelium motor 

domain in the absence of actin and nucleotide by Reubold et.al. (30). This structure provided 

a new state of switch 1 loop, which is the key element in the actomyosin communication 

pathway, and demonstrated a partially closed conformation of the actin-binding cleft in the 

apo state. This structure was suggested to be a half-way state between the fully open and fully 

closed states of the actin–binding cleft, because the active site was fully open but the actin-

binding cleft was shown to require actin interaction to close completely. Recently, Yang et.al. 

published rigor-like structures of sea scallop and squid skeletal myosin II S1 structures in the 

absence of bound nucleotide (31). These structures further reveal evidence on actin-binding 

cleft closure of the skeletal myosin II when the nucleotide binding pocket is empty (Fig. 15). 
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Comparing these structures with the Reubold Dictyostelium nucleotide-free motor domain 

structure (1Q5G.pdb) shows that the extent of displacement is more pronounced in the 

molluscan muscle myosin II than in the Dictyostelium myosin II.  By contrast, in the myosin 

V nucleotide free structure the cleft seemed to be in the same (closed) conformation as it is in 

the rigor complex (27).  

EPR experiments were carried out to address the following questions: 

1. Is the closure of the actin-binding cleft an irreversible or an equilibrium step?  

2. Is the actin-binding cleft in a single state in the different nucleotide- and actin bound 

states? 

 

We characterized the distances between the two cysteines engineered at different parts of the 

Dictyostelium myosin MD (61). These two cysteines were demonstrated to be good sensors of 

the cleft conformations, as they undergo nucleotide- and actin dependent movements relative 

to each other (61). EPR spectroscopy is a sensitive method to elucidate precise distance 

 
Figure 15 – X-ray structures of squid myosin II S1 in ADP bound and nucleotide free 
states. 
 
Panel A and B show the actin binding region of squid (Loligo pealei) fast funnel retractor muscle myosin S1 
in ADP bound (post rigor, 2OY6.pdb) and nucleotide free (near-rigor, 2OVK.pdb) states, respectively. E373 
and P543 of the far outer cleft are shown in spheres. The distance between these two residues is 20.1 and 
13.2 Å in the post-rigor and the near-rigor states, respectively. Further important finding is that the closure is 
more likely from the counter-clockwise repositioning of the upper 50 kDa subdomain (red) compared to the 
lower 50 kDa subdomain (gray) than a simple closing of the two subdomains. The strut-loop, which connects 
the upper and lower 50 kDa subdomains is shown in green. 
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parameters in Angstrom scale (see Appendix). We labeled the two cysteines with maleimide 

spin label (MSL) EPR probes, and measured the distances between them in rigor, apo and 

ADP or ADP.AlF4 bound states. Using this approach, we were able to provide the accurate 

distance changes of the actin-binding cleft between the different states. Furthermore, utilizing 

the benefits of the EPR method, we demonstrated a dynamic model of the cleft movements, 

which emphasizes the advantages of spectroscopic methods in contrast to the steady structural 

data.   

 

I.2. Results 
 

Steady-state fluorescence properties of E365Q and ∆AL motor domain constructs in the 

absence of actin 

  

In earlier studies (39;40) it was demonstrated that the large conformational change of myosin 

is indeed sensed by Trp501 fluorescence. The single Trp containing MD mutant (W501+) 

showed enhanced fluorescence changes upon ATP and ADP addition compared with those of 

the wild type. The steady-state fluorescence maximum of W501+ was enhanced by 80% in a 

  

 
Figure 16 – S416 and N537 positions in the actin detached and the simulated actin 
attached states. 
 
For the EPR experiments we used the low-Cys background MD construct where S416 and N537 (blue spheres) 
were mutated into cysteines (Conibear et.al. (2003) Nature Sruct Biol). Panel A shows the ATP-bound structure 
(1FMW.pdb) of Dictyostelium myosin II MD. Panel B shows the computational docking of 3 actin monomers 
and chicken myosin II S1 structure (Holmes et.al. (2003) Nature). After fitting the upper 50 kDa subdomain into 
the cryo-EM envelop, the two highlighted residues were suggested to get closer to each other in the actin attached 
state compared to the deatched structures. 
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spectrofluorimeter on addition of ATP, while that of the wild type by only 13%. However, 

both constructs were demonstrated to have similar ATPase acitivities (wild type: 0.07 s-1 and 

W501+: 0.06 s-1) (39) and some other kinetic parameters of the W501+ were also only 

slightly different from those of the wild type (39;40). Therefore we introduced the mutations 

into the W501+ background and W501+ served as a control in all experiments. Hence the 

measured parameter values for W501+ will be demonstrated in each measurement. 

 

Based on the earlier study (39), on addition of a saturating amount of ATP to W501+ in a 

spectofluorimeter, the emission spectra of Trp fluorescence shows a 30-100% fluorescence 

intensity enhancement – depending on the used spectrofluorimeter setup, and slightly varying 

between each prep. This increase in intensity is coupled with a 3 nm blue-shift (the peak of 

the spectrum appears at a lower wavelength compared to that of the apo spectrum). By 

contrast, a saturating amount of ADP induces a 10-20% fluorescence decrease with a few nm 

blue-shift as well (see Introduction). 

When 3 µM E365Q or ∆AL was mixed with 1 mM ATP in the spectrofluorimeter a 6 nm blue 

shift was detected as well as an 85% and a 75% enhancement in fluorescence intensity, 

respectively. When 3 µM E365Q or ∆AL was mixed with 1 mM ADP a 2 and a 5 nm blue-

shift was observed, respectively, and both constructs resulted in a 10-20% decrease in 

fluorescence intensity – in line with the same experiements with W501+.  

In summary, we found that in the absence of actin the measured steady-state fluorescence 

properties of the mutants are identical to those of W501+, the degree of differences are in the 

range that can be observed between different W501+ preps.  

 

Enzymatic properties of F359A  

 

In contrast to E365Q and ∆AL, F359A mutation caused significantly affected phenotype. 

Addition of 1 mM ADP resulted in 11% fluorescence decrease with a 2 nm blue shift, but 1 

mM ATP also induced a similar (16%) fluorescence decrease. Since fluorescence quench is 

coupled to nucleotide binding (step 2 in scheme 2), the large fluorescence enhancement is 

coupled to the open-closed transition (step 3a in Scheme 2), and this transition is coupled to 

the hydrolysis step (step 3b in Scheme 2), the presence of fluorescent quench on ATP addition 

suggests that nucleotide binding is unaltered by the mutation, however, F359A doesn’t 

hydrolyze ATP.  
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The actin binding properties of this mutant were also investigated. Light scattering signal was 

followed in the spectrofluorimeter. Macromolecules scatter the incoming light in proportion 

to their size. Larger molecules or molecule complexes scatter light with a higher degree, so 

the association or dissociation of molecule complexes can be followed by light scattering 

signal. In this case the excitation and the emission wavelength should be adjusted to the same 

value and the detection should be perpendicular to the direction of the incoming light. The 

size of the complex of F-actin and myosin MD is in the range which can be detected by light-

scattering signal when it is formed or dissociated. Light scattering increases when actin binds 

myosin and vice versa. 

When 3 µM F359A was added to 4 µM F-actin, the light scattering signal increased as 

actomyosin rigor complex was formed. 9 µM ATP was added to the complex and the light 

scattering signal decreased, but the change was smaller than in the control experiment with 

W501+. 9 µM ATP was used in a multiple turnover experiment to test the activity of F359A. 

The ATP turnover rate is 0.06 s-1 in the case of W501+. Although actin activates myosin’s 

activity, the used 4 µM actin concentration is low enough not to affect the activity parameter 

significantly. In this case, 3 µM F359A should have exhibited a three times slower (~0.015 s-

1) turnover rate. Upon ATP hydrolysis the light scattering signal was expected to increase 

back to the same level as that of the rigor complex, but no signal change was observed even 

several minutes after ATP addition to the complex. These findings also confirmed the 

previous results that F359A cannot hydrolyze ATP because it remained in the weak actin-

binding ATP-bound state, therefore the actomyosin complex did not form again. A further 

important observation is that the actin binding properties of F359A are also affected by the 

mutation.   

 

Transient kinetic analysis of E365Q and ∆AL with ATP and ADP in the absence of actin 

 

In the absence of actin the steady-state fluorescence features of both the W501+ and the 

mutants were unaltered. We elucidated the nucleotide-induced fluorescence changes of all 

three constructs in a stopped-flow transient kinetic apparatus as well. 

The 3 µM W501+ and the mutant MD constructs were mixed with 5-500 µM ATP in a 

fluorescent stopped-flow apparatus and Trp fluorescence increase was followed. The observed 

rate constants were plotted against ATP concentration and were fitted to a hyperbola 

(kobs=kmax[ATP]/([ATP]+K0.5)). E365Q and ∆AL resulted in kobs= 39 s-1 and 38 s-1, 
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respectively, which are practically the same as those of W501+ (kobs=35 s-1). This result for 

W501+ is similar to that described previously (kobs=30 s-1) (39). 

The observed rate constants for ADP binding were shown to be linearly dependent on ADP 

concentration at [ADP]≤200 µM (39). ADP binding was therefore followed in the stopped-

flow apparatus when 3 µM MD-s were mixed with 10-200 µM ADP, and the Trp fluorescence 

quench was followed too. The observed rate constants of ADP binding were plotted against 

ADP concentration. The on-rate constants of ADP binding were determined from the slope of 

the plots as follows: k+D,W501+= 1.55 µM-1s-1, k+D,E365Q= 1.97 µM-1s-1 and k+D,∆AL= 1.53 µM-1s-1 

(Scheme 4, Table 3). The off-rate constants were determined by a chasing reaction when 3 

µM MD samples were preincubated with 200 µM ADP and the complexes were rapidly mixed 

with 5 mM ATP in a stopped-flow apparatus.  

The chasing reaction is used to determine the off-rate constant of one reactant for the other 

reactant (actin-myosin, myosin-nucleotides, etc.). In a typical chasing reaction, two reactants 

are complexed and the complex is mixed with the chaser. In this case, the rate of the binding 

of the chaser to the protein is limited by the off-rate constant of the other reactant. The 

limitations of this method are twofold: 1. the chaser must be in large (min. 10 times) molar 

excess compared to the bound reactant to the protein; 2.  the signal change must be either on 

the binding of the chaser or on the dissociation of the other reactant.  

A large increase in fluorescence was observed when ATP chased off ADP form the active site 

and the high-fluorescent M* state was formed. The rate-limiting step in this reaction, which 

determines the observed rate constant of the fluorescence enhancement is the off-rate constant 

of ADP for MD. The off-rate constants of the MD constructs are: k-D,W501+= 8.28 s-1, k-

D,E365Q= 9.95 s-1 and k-D,∆AL= 11.95 s-1 (Scheme 4, Table 3). 

We found that in the absence of actin none of the  mutations affected the kinetic properties of 

MD significantly. 

 

ATP-induced actomyosin dissociation of E365Q and ∆AL 

 

To test weather the mutations affect the actomyosin interaction properties, we carried out 

ATP induced actomyosin dissociation reaction in a stopped-flow apparatus and followed the 

light scattering signal at 340.  3 µM phalloidin-stabilized F-actin was preincubated with 2.5 

µM MD-s for 30 min in order to form the rigor complex. After incubation, the actomyosin 

rigor complex of the mutants was mixed with 0.02-5 mM ATP. A large light scattering signal 

change was observed and a single exponential function was fitted to the traces (Fig. 17A). 
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The plots of the observed rate constants against ATP concentration were fitted with a 

hyperbola (Fig. 17B).  

 

 
 

Significant changes were observed in the maximum rate constant values of the mutants: 

Vmax_E365Q=260 s-1 and Vmax_∆AL=932 s-1 compared to W501+ Vmax_W501+=117 s-1 but the initial 

slope of the hyperbola was practically unchanged (Fig. 17B). The initial slope reflects the 

second order rate constant of ATP binding: VATP_W501+=0.15 s-1µM-1, VATP_E365Q=0.25 s-1µM-1 

and VATP_∆AL=0.18 s-1µM-1.  

These results show that the mutations affect actomyosin interaction significantly. We 

observed even an 8-fold acceleration in the maximal rate of the ATP induced detachment of 

actin and myosin. Another important feature of these data is that the single charge elimination 

with the E365Q mutation caused a more than 2-fold acceleration. 

 

 

 

 

 

 

   
 
Figure 17 – ATP induced acto-myosin dissociation of W501+, E365Q and ∆AL. 
 
3 µM F-actin and 2.5 µM MD-samples were mixed at room temperature and rigor complexes were formed after 
30 min incubation. After rigor complexes were formed, those were mixed with 0.02-5 mM ATP in a stopped-
flow apparatus. Panel A shows the single traces of the reaction between the rigor complexes and 1 mM ATP 
(W501+: black, E365Q: blue, ∆AL: green). Single exponentials were fitted to the traces. Panel B shows the plot 
of the observed rate constants of the reactions as a function of ATP concentration. The maximal rate of the 
dissociation reaction was increased with 8-fold in the case of ∆AL compared to that of the W501+ 
(Vmax_W501+=117 s-1, Vmax_E365Q=260 s-1 and Vmax_∆AL=932 s-1), while the second order rate constant of ATP 
binding was practically unaltered (VATP_W501+=0.15 s-1µM-1, VATP_E365Q=0.25 s-1µM-1 and VATP_∆AL=0.18 s-1µM-1). 
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ADP inhibition of ATP-induced actin dissociation of E365Q and ∆AL 

 

The dissociation constant of ADP for 

acto.MD complex (Kd,AD, Scheme 4) was 

determined from the ADP inhibition of 

the ATP-induced actomyosin 

dissociation. In these experiments 0.5 µM 

W501+, E365Q and ∆AL was 

preincubated with 0.6 µM phalloidin 

stabilized pyrene-labeled F-actin and 

different amounts (0-1 mM) of ADP. 

Complexes were then mixed with 200 

µM ATP in a stopped-flow apparatus and 

pyrene fluorescence enhancement upon 

actomyosin dissociation was followed 

and single exponentials were fitted to the 

averaged traces. The obtained observed 

rate constants (k) were divided by the 

observed rate constant of the reaction in 

the absence of ADP (k0) and these values 

(k/k0) were plotted against ADP concentrations and hyperbolas were fitted to the plots (Fig. 

18). The hyperbola determines the dissociation constant of acto-MD complex for ADP (Kd,AD) 

(see Scheme 4). Both E365Q and ∆AL showed slightly decreased affinity for ADP 

(Kd,AD,E365Q= 50.0 µM and Kd,AD,∆AL= 36.5 µM) compared to that of W501+ (Kd,AD,W501+= 

33.2 µM).  

   

Rigor actin-binding properties of E365Q and ∆AL  

 

We wanted to find out whether loop 4 plays a functional role in the strong- (rigor and 

M.ADP) or in the weak (M.ATP and M.ADP.Pi) actin-binding states. Therefore, we aimed to 

elucidate the actin binding properties of the W501+ and the mutant constructs in the absence 

and in the presence of ADP. The presumed effect of the mutations on the weak actin-binding 

 
 
Figure 18 – ADP inhibition of ATP induced 
acto-myosin dissociation of W501+, E365Q 
and ∆AL. 
 
0.25 µM W501+ (black), E365Q (blue) and ∆AL (green) 
was mixed with 0.3 µM pyrene labeled F-actin and 
varying amount (0-500 µM) ADP on ice and were 
incubated for 30 min. Samples were then rapidly mixed 
with 100 µM ATP in a stopped-flow apparatus and 
single exponentials were fitted to the traces. Hyperbolas 
were fitted to the plot of the k/k0 values against ADP 
concentration, which determine the dissociation constant 
of ADP for acto-myosin complex: (Kd,AD,W501+= 33.2 
µM, Kd,AD,E365Q= 50.0 µM and Kd,AD,∆AL= 36.5 µM). 
 



PhD Thesis – Máté Gyimesi 

 48

was investigated in the actin-activated ATPase assay and the co-precipitation of actin and 

myosin in the presence of ATP.  

The kinetic properties of strong actin-binding state formation was studied by applying pyrene 

labeled actin (62). F-actin monomers can be labeled on the Cys374 residue specifically, which 

takes place at the myosin binding site of actin. Pyrene fluorescence of the labeled actin 

filament is very sensitive to myosin binding, and thus a large fluorescence intensity decrease 

is observed upon myosin binding. 

To determine the actin binding on-rate constants of the mutants, we mixed 0.05 µM pyrene-

labeled F-actin with 0.05-1.5 µM MD constructs in stopped-flow and pyrene fluorescence was 

followed. The differences between the on-rate constants (k+A) are negligable: k+A,W501+= 1.55 

s-1µM-1, k+A,E365Q= 1.60 s-1µM-1 and k+A,∆AL= 1.35 s-1µM-1 (Fig. 19A).  

The actin dissociation rate constant of MD-s were determined with a chasing reaction when 

0.2 µM MD constructs preincubated with 0.2 µM pyrene-labeled F-actin were mixed with 2 

µM non-labeled F-actin in a stopped-flow apparatus (Fig. 19C). We followed pyrene 

fluorescence intensity enhancement, which occurs upon the dissociation of the labeled F-actin 

from the actomyosin complex. Traces were fitted with single exponentials which determined 

the off-rate constants (k-A). In contrast to the k+A values, we detected significant differences 

between the mutants in the off-rate constants: k-A,W501+= 0.047 s-1, k-A,E365Q= 0.057 s-1 and k-

A;∆AL= 0.085 s-1.  

 

Actin binding properties of E365Q and ∆AL in the presence of ADP 

 

The conditions used in these experiments were identical to those described in the previous 

paragraph except for the addition of 1 mM ADP to all samples. Similar to the rigor 

actomyosin complex formation, the on-rate constants (k+DA) did not changed significantly: 

k+DA,501+= 0.22 s-1µM-1, k+DA,E365Q= 0.17 s-1µM-1,  k+DA,∆AL= 0.18 s-1µM-1 (Fig. 19B). We 

measured the off-rate constants (k-DA) using a similar chasing method as described above in 

the rigor binding experiments – except for the presence of 1 mM ADP – and we noticed large 

differences (Fig. 19D): k-DA,W501+ = 0.026 s-1, k-DA,E365Q = 0.049 s-1, k-DA,∆AL = 0.076 s-1. Note 

here that the differences between the k-DA values are greater than those found between k-A 

values. 
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Consequently, the dissociation constant of actin binding (Kd) is affected by the mutations as it 

is shown in Table 3. An interesting feature of these data is that the Kd,A value in the absence 

of ADP increased by 2.1-fold between the W501+ and the ∆AL, while the presence of ADP 

increased the difference in the Kd,DA values by 3.6-fold.  

 

  

  
Figure 19 – Actin binding of W501+, E365Q and ∆AL in rigor and in the presence of 
ADP. 
 
Panel A and B show the plot of the observed rate constants of actin binding as a function of MD concentrations in 
the absence and in the presence of ADP, respectively. 0.05 µM pyrene-labeled F-actin was rapidly mixed with 
0.05-1.5 µM W501+ (black), E365Q (blue) and ∆AL (green), pyrene fluorescence was followed and single 
exponentials were fitted to the traces. The slope of the plots determines the on-rate constants (k+A and k+DA): 
k+A,W501+= 1.55 s-1µM-1, k+A,E365Q= 1.60 s-1µM-1 and k+A,∆AL= 1.35 s-1µM-1, and k+DA,501+= 0.22 s-1µM-1, k+DA,E365Q= 
0.17 s-1µM-1,  k+DA,∆AL= 0.18 s-1µM-1. Panel C and D show the stopped-flow traces of the chasing reaction where 
complexes of 0.2 µM MD samples and 0.2 µM pyrene-labeled F-actin were mixed with 2 µM non-labeled F-actin 
in a stopped-flow apparatus in the absence (C) and in the presence (D) of 1 mM ADP. Single exponentials were 
fitted to the traces, which determine the off-rate constants (k-A and k-DA): k-A,W501+= 0.047 s-1, k-A,E365Q= 0.057 s-1 

and k-A;∆AL= 0.085 s-1, and k-DA,W501+ = 0.026 s-1, k-DA,E365Q = 0.049 s-1, k-DA,∆AL = 0.076 s-1. 
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Scheme 4 

 

Scheme 4: Thermodynamic box of actin- and ADP binding to myosin MD in the absence and 

presence of the other. All four dissociation constants of this box were experimentally 

determined in this Chapter (see Table 3) and the effects of the mutations on the kinetic 

parameters are discussed in the text body. (Kd dissociation constant, k+: on-rate constant, k-: 

off-rate constant) 

 

These results demonstrate that the role of loop 4 in actin binding is mainly due to the 

stabilization of the complex, because the off-rate constants were changed, while the on-rate 

constants were practically unaffected. Since – according to the Kd,A and Kd,DA values – ADP 

causes a 4-9-fold weakening in actin binding, these results confirm the assumption that loop 4 

plays a more significant role in actomyosin interaction when actin binding is weaker. An actin 

activated ATPase assay, which reflects the weak actin binding properties of the actomyosin 

ATPase should provide further verification of this finding.   

 

Actin-activated ATPase activity of E365Q and ∆AL  

 

Actin-activated ATPase activity reflects actin’s ability to activate the rate-limiting step of 

myosin ATPase. This experiment is based on the measurement of the releasing ADP (which 

step follows the rate-limiting step) with a PK/LDH-coupled assay.  
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Figure 20 – Actin activated ATPase 
activities of W501+, E365Q and ∆AL. 
 
Actin activated ATPase activities of W501+ (black), 
E365Q (blue) and ∆AL (green) were determined by 
PK/LDH-coupled assay in a low ionic strength (I= 3 
mM) buffer. Vmax actin values did not change 
significantly: Vmax actin,W501+= 3.70 s-1, Vmax actin,E365Q= 
3.54 s-1 and Vmax actin,∆AL= 3.46 s-1, while the Km actin 
values show large differences: Km actin,W501+= 19.9 
µM, Km actin,E365Q= 117.6 µM and Km actin,∆AL= 169.9 
µM. 
 

In the knowledge of the previous results from actin binding experiments, we aimed to test the 

effect of the mutations on the actin binding kinetics from different points of view as well. If 

the assumption that the weaker the actin binding the more pronounced the effect of loop 4 is 

true, then actin activated ATPase Km actin values are expected to be affected by a more than 4-

fold increase in the case of ∆AL.  

 

The actin activated ATPase activity is highly 

ionic-strength-dependent. In order to be able 

to observe the saturation of the plots of the 

activities as a function of actin 

concentrations, we applied low ionic-

strength buffer (I=3 mM). Activities were 

calculated from the slope of the absorbance 

decrease at 340 nm at each actin 

concentration with the following equation: 

activity (s-1) = slope (mAbs/s)/([MD] (µM) * 

6.22 (µM-1mAbs)). The plots of the activities 

against actin concentration were fitted with 

hyperbolas (Fig. 20). The maximum actin 

activated ATPase activities (Vmax actin) were 

only slightly altered by the mutations: Vmax 

actin,W501+= 3.70 ±0.061 s-1, Vmax actin,E365Q= 

3.54±0.250 s-1 and Vmax actin,∆AL= 3.46±0.156 s-1. However, we observed a more than 8-fold 

increase in the Km actin value between W501+ and ∆AL: Km actin,W501+= 19.9±0.896 µM, Km 

actin,E365Q= 117.6±13.36 µM and Km actin,∆AL= 169.9 ±10.85 µM. Hyperbolas were fitted to the 

data points only at 0-105 µM actin concentrations, because the activity was decreased above 

100 µM actin concentrations. It has previously been demonstrated by White et al. (63) that the 

fraction of the actin-bound ATP hydrolysis increases where the hydrolysis becomes rate-

limiting and thereby it results in decreased activity. 

These results confirm our previous hypothesis that the basal parameters of myosin MD were 

unaltered by the mutations since the Vmax actin parameters were not changed dramatically. It 

follows from this that neither the rate-limiting step was affected nor any other steps became 

rate-limiting by the mutations. By contrast, the Km actin values were significantly increased in 

the mutants. From the transient kinetic results described above, namely that the difference in 
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the actin-MD dissociation constants between W501+ and ∆AL were 2.1 and 3.6-fold in the 

absence and in the presence of ADP, respectively, we expected a more than 4-fold difference 

in the Km actin value between W501+ and ∆AL. The result was an 8.5-fold increase. Note that 

we repeated the experiments with two different actin preparations and two individual 

preparations from all three constructs.  

After all, we conclude that loop 4 has a functional role in actin binding through the 

stabilization of the complex and this role is more pronounced in the weak actin binding states. 

 

Fractional binding of acto-MD in the presence and in the absence of ATP 

  

From the results presented above we supposed that loop 4 has significant role in the weak 

actin-binding states. To confirm our assumption we investigated the actin binding properties 

of the MD samples in the presence of a saturating amount (5 mM) of ATP. Weak actin 

binding properties of the MD-s were tested with cosedimentation experiment as well, where 

acto-MD complex was ultracentrifuged in the presence of ATP. 

Therefore 2 µM MD samples were ultracentrifuged with varying amount of phalloidin 

stabilized F-actin (0-60 µM) in the presence of 5 mM ATP.  

The plot of the fractional binding of the MD-s to actin (Fig. 21A) demonstrated significant 

differences in weak actin binding properties between W501+ and the mutants. More than 50% 

of W501+ cosedimented with actin at the highest studied (60 µM) actin concentration, while 

only ~25% of the mutants were attached to actin at 60 µM actin concentration (Fig. 21B).  

The differences between the E365Q and ∆AL are negligible, because the cosedimentation is 

only a semiquantitative method.  

 

We repeated these experiments under the same conditions but in the absence of ATP in order 

to investigate the effect of the mutations on the strong rigor binding properties of the MD. 

Differences were observed only at [actin]= 2 µM, where W501+ was practically 100% 

attached to actin, as opposed to a 78% and a 56% of E365Q and ∆AL, respectively (Fig. 

21A). At 5 µM or higher actin concentrations 100% of all the three constructs were bound to 

actin (Fig. 21A and C).  
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These results also confirmed that loop 4 has a functional role in the weak actin-binding states. 

Moreover, the acidic group of the loop is significant in this interaction, since the elimination 

of this single charge by the Glu→Gln mutation has the same effect in the actin 

cosedimentation experiments in the presence of ATP as the replacement of the whole loop 

with 3 glycines.  

 

 

  

 
 
Figure 21 – Fractional binding of W501+, E365Q and ∆AL to actin in the presence and 
absence of ATP. 
 
2 µM W501+ (black), E365Q (blue) and ∆AL (green) were mixed with different amount of F-actin (0-60 µM) 
and in the presence (solid symbols) and in the absence (open symbols) of 5 mM ATP on ice and were 
immediately ultracentrifuged at 80,000 rpm, 4°C, 15 min. Samples were run on 4-20% Tris-Glycine Gel  and 
the width of the bands were analyzed. Panel A shows the plot of the fractions bound to actin as a function of 
actin concentration. Panel B shows the coomassie-stained bands of MD samples from the supernatant (S) and 
form the pellet (P) at 60 µM actin concentration in the presence of ATP. Panel C shows those at 2 and 5 µM 
actin concentrations in the absence of ATP. 
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In vitro motility assay 

 

In vitro motility assay represents a simplified model of muscle force and motion generation 

and was first described by Warshaw et. al. in 1990 (64). In this assay myosin fragments (full 

length myosin, HMM, S1, MD) are anchored to a nitrocellulose-coated microscope coverslip. 

Fluorescently labeled F-actin is added into the microchamber, the reaction is initiated by 

perfusion of ATP, and the movements of the actin filaments are visualized in an 

epifluorescence microscope equipped with an image intensified video camera. The 

determination of the actin sliding speed was developed by Work and Warshaw in 1992 (65).  

The motile functions of the loop 4 mutant MD constructs were investigated with in vitro 

motility assay in collaboration with Miklós S.Z. Kellermayer at University of Pécs. Actin-

filament sliding speed was increased slightly by the E365Q mutation: VE365Q= 0.0412±0.0165 

µm/s in comparison with W501+: VW501+= 0.0353±0.0110 µm/s (Fig. 22A). Further 

acceleration was detected by loop 4 deletion (V∆AL= 0.0786±0.0165 µm/s).  

During actin filament sliding in the in vitro motility assay, the actin bound myosin heads 

might be in different states (ATP, ADP.Pi, ADP bound states). Since the working 

mechanisms of the different heads are not coordinated, they break the filaments. The reason 

for this is assumed to be at least twofold: The strong actin binding ADP bound myosin heads 

anchor the actin filament to the surface 1. while power-stroke might occur in other heads 

bound to the same filament. 2. During the power-stroke the actin filament overgoes a torsional 

motion, because the myosin-binding sites are distributed in a helical fashion on the actin 

filament. The bound heads fix the filament in one orientation and do not let it swing. These 

effects apply a shearing force on the filament, which results in its beakage.   

The progressive actin-filament breakage, observed with W501+, was reduced in the case of 

E365Q and was essentially abolished in the case of ∆AL (Fig. 22B).  
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EPR analysis of actin-binding cleft 

 

We applied EPR spectroscopy techniques to determine the conformational transitions of the 

actin-binding cleft of myosin II. The previously described (61) low Cys background 

Dictyostelium myosin MD was used. Two cysteines were introduced at the two sides of the 

actin-binding cleft and these residues were labeled with maleimide spin label (MSL, N-(1-

oxy-2,2,6,6-tetramethyl-4-piperidinyl)maleimide) EPR probe.   

Using this construct we determined the distance parameters between the two cysteines in the 

upper and lower 50 kDa subdomains in apo, ADP or ADP.AlF4 (which mimics the ADP.Pi 

state developing the pre-power-stroke conformation of the motor domain) bound states and 

more importantly the actomyosin rigor state. Two different dipolar EPR methods were 

applied: 1. The conventional, continuous wave (CW) EPR, which measures distances between 

8-25 Å; and 2. the fairly novel pulsed EPR – double electron-electron resonance (DEER) EPR 

technique, which is sensitive to the distances between 17-70 Å. (Both methods are described 

in detail in the Appendix). 

Conventional EPR experiments demonstrated that there are two major populations in all 

investigated states (acto-MD, apo, ADP and ADP.AlF4), whose mean distances are ~14 Å and 

~23 Å (Fig. 23A). The significant difference between the different states is in the proportion 

  
 
 
Figure 22 – In vitro motility assay with W501+, E365Q and ∆AL. 
 
Panel A shows the mean actin sliding speeds of W501+ (black), E365Q (blue) and ∆AL (green). The 
difference between the mean velocity of W501+ and E365Q is not significant according to the T-test probe, 
however, ∆AL showed significantly increased actin sliding speed: VW501+= 0.0353±0.0110 µm/s, VE365Q= 
0.0412±0.0165 µm/s and V∆AL= 0.0786±0.0165 µm/s. Panel B shows the ability of the three MD constructs 
to break actin filaments during moving actin filaments. This effect is less pronounced in the case of E365Q 
compared to W501+ and is practically ignorable in the case of ∆AL. 
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of the long- and short-distance populations. The shifts between the populations characterized 

by short and long distances as a function of nucleotide or actin binding resulted in the 

following order: acto-MD (~25% short distance population) > apo > ADP > ADP.AlF4 (~10% 

short distance population)  (Fig. 23B). 

 
DEER measurements demonstrated opening of the actin-binding cleft when either ADP or 

ADP.AlF4 was bound to the active site, while the shortest distance was observed in the case of 

the rigor complex (Fig. 24). These results also confirm that actin induces the closure of the 50 

kDa cleft when it binds to myosin. 

 

 

 

 

 
 

  
 
Figure 23 – Continuous wave EPR (CW-EPR) spectra and the determined distances 
between the two residues (S416C and N537C) of the actin binding cleft 
 
According to the CW-EPR spectra, there are two major populations in distance in all studied states (apo, 
ADP, ADP.AlF4, acto-MD). The average of the short distances is 14 Å and the average of the large distances 
is 23 Å (Panel A). The main differences between the different states are in the fraction of the short distance 
populations (Panel B). The short distance population decreases in the order: acto>apo>ADP> ADP.AlF4. 
(Data provided by Song L. from Perer Fajer’s lab. FSU) 
 

Figure 24 – Pulsed EPR – double electron-
electron resonance (DEER) EPR results in 
different nucleotide/actin bound states. 
 
The closure of the actin binding cleft is demonstrated by 
DEER as well. The distance between the two labeled 
residues (416 and 537) is increasing in the order: 
acto>apo>ADP> ADP.AlF4, which is in good 
correlation with the CW-EPR results. This figure shows 
the evaluated distance distributions of the different states 
corresponding to the best fit Gaussian distribution. 
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I.3. Discussion  
 

As I mentioned in the general introduction, the high-resolution structure of the actomyosin 

complex has not been resolved, yet. However, there are several kinetic and computational 

docking data, which provide a more dynamic model of the actomyosin interaction in contrast 

to the steady crystal structures. Nevertheless, high-resolution X-ray structures of myosin head 

fragments modeled into the cryo-EM envelop of the actomyosin complex pointed out several 

surface loops of myosin at the extended actomyosin binding surface. Many of them contain 

charged amino acid residues, which provides further evidence for the previous assumptions 

on the important functional role of the charged-charged interactions in the actomyosin 

interaction. Table 1 also demonstrates that the complementary, oppositely charged residues 

which help to establish, maintain and fine-tune the interaction between actin and myosin can 

be found on the myosin binding site of actin. A large number of kinetic assays dealing with 

the functionally important regions of the actomyosin interface that further reveal the 

importance of charged amino acids on both interacting partners (Table 1).  

K. Ajtai et.al. demonstrated that the proteolytic cleavage of the cardiac myosin II affects its 

kinetic properties (51). They investigated the role of loop 4 (note that they signed loop 4 as 

cardiac loop, C-loop) in actin binding by mutagenesis analysis of smooth muscle myosin II 

(54). They designed the R370E (smooth muscle numbering) mutation into smooth muscle 

myosin II HMM, however it is hard to interpret its relevance because of the low sequence 

similarity in the two myosin isoforms’ loop 4 region. Based on the sequence alignment (46), 

loop 4 of cardiac and smooth muscle myosin II consist of 16 amino acid residues (Table 2) 

out of which 9 are different. Moreover, neither of the two myosins was investigated by 

actomyosin computational docking experiments. The limited proteolytic experiments were 

carried out with cardiac muscle myosin that shows high similarity with skeletal myosin II in 

this region: there is only 1 difference in the 16 residues. R370E and G359A (numbering is 

based on the referred paper (54)) mutations were based on the high-resolution structure of 

skeletal myosin II but they were introduced into smooth muscle myosin II HMM. Based on 

computational docking studies on both skeletal myosin II and myosin V, it is likely that there 

is no direct interaction between R370 of smooth muscle myosin and actin residues. Moreover, 

the sequence alignments (46) and Table 2 demonstrate that R370 of smooth muscle myosin II 

is not a conserved amino acid between myosins.  

Based on crystal structures and computational docking results (18;27;52;56), loop 4 has been 

proposed – but not yet unambiguously demonstrated – to play role in actomyosin interaction. 
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These studies represented equivocal statements about whether loop 4 is a part of the 

functional actin binding site or not. Very recently loop 4 of myosin Ib was also demonstrated 

to have a modulatory role in actin binding experiments. Loop 4 of this non-muscle myosin 

isoform is longer compared to that of Dictyostelium and plays a role in determining actin 

binding properties in a tropomyosin dependent manner. Although the sequence of myosin Ib 

loop 4 significantly differs from the Dictyostelium sequence, it also contains the acidic residue 

in the position homologue to Dictyostelium’s E365. These findings demonstrate that loop 4 

has a functional role in different types of myosins.  

In this thesis I provided detailed kinetic analysis of the mutants, which were supported by 

computational docking results from different myosins (myosin II  (18) and myosin V (56)). 

These studies suggested two important residues of loop 4 region (Fig. 13 and 14):  

F359 is a highly conserved residue at the basis of loop 4, which might stabilize loop 4, the 

cardiomyopathy loop and the long helix, which is an important structural element of the upper 

50 kDa subdomain;  

E365 is also a conserved side chain. In this position at the tip of loop 4 all myosins contain 

acidic residue(s). This residue was further proposed to be in direct contact with actin’s basic 

residues. 

The basal and the actin-related kinetic parameters of myosin MD were investigated to test the 

role of these residues (and the entire loop 4). To achieve these goals we introduced the 

following mutations into the W501+ construct: F359A, E365Q and the replacement of the 

entire loop 4 sequence with three glycines. Mutations were introduced into W501+ MD 

construct, because this protein possesses practically the wild type phenotype and was 

extensively characterized in previous studies (39;40). Detailed kinetic and fluorescent 

spectroscopic analysises were carried out on the mutants and W501+ was used as control in 

all experiments.  

In summary, we conclude that the phenylalanine residue at the basis of loop 4 is an important 

structural element which might stabilize the structure of the upper 50 kDa subdomain. We 

demonstrated that the F359A mutation caused the loss of the MD’s ability to hydrolyze ATP 

and the actin binding properties were also significantly affected by the mutation. The position 

of the conserved F359 explaines this effect, because it seems to stabilize the CM-loop, loop 4 

and the long helix that spans the entire  upper 50 kDa subdomain (Fig. 13). 

Neither the E365Q mutation nor the replacement of loop 4 with three glycines affected the 

basic kinetic properties of the MD in the absence of actin, because the nucleotide binding, the 

ATP hydrolysis and the basal activities were identical to those of the W501+. 
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By contrast, we demonstrated that in the presence of actin both E365Q and ∆AL showed 

altered kinetic characteristics. Loop 4 plays a functional role in stabilizing the actomyosin 

complex. Moreover, the highly conserved, negatively charged amino-acid residue at the tip of 

the loop (E365) plays a crutial role in the stabilization of the complex. In this work, we 

clarified for the first time that loop 4 has a role in the weak actin binding states, since the 

weaker the actin binding the more pronounced the effect of the loop 4 mutations. This 

hypothesis was confirmed by the kinetic analysis of the mutant constructs, since the deletion 

of the entire loop resulted in an increased dissociation constant of actin-myosin binding 

compared to the W501+ – especially in the weak actin binding states: a 2.1 fold increase was 

observed in the rigor binding dissociaton constant (Kd,A), a 3.6-fold increase in the 

actomyosin binding dissociation constant in the presence of ADP (Kd,DA), and an 8.5-fold 

increase in Km actin values. These results confirm that loop 4 is a functional actin-binding site 

in class II and presumably in all types of myosins. These results further demonstrate that the 

role of loop 4 in actin binding is more pronounced in the weak actin-binding states. In this 

sense, loop 4 might be an important structural element in the key process of the actomyosin 

ATPase cycle, where the weak actin-binding states play important roles. 

A further important feature of loop 4 is to tune the actomyosin interaction in the weak actin-

binding states, because the actin filament sliding speed was significantly accelerated in the 

∆AL mutant. Loop 4 might also orient myosin heads on the actin filament in these states and 

modulate the torsional and frictional effects of actin filament, since the actin breaking ability 

of the E365Q and ∆AL was highly decreased in the in vitro motility assay compared with that 

of the W501+. 

 

Once the actin-myosin interaction is developed by such surface elements as loop 4, myosin 

undergoes a large conformational change in the actin-binding cleft region. When the cleft 

closes, it develops strong actin-binding properties of myosin, which consequently triggers 

other conformational changes in the distal parts of myosin. It was investigated by EPR 

spectroscopy whether this closure is an irreversible movement and whether actin-binding cleft 

is in a single state in the different states of myosin. 

Our EPR results demonstrate that Dictyostelium myosin II is in a nearly open state in the apo 

form. ADP and ADP.AlF4 binding induce a further opening of the actin-binding cleft as it was 

suggested by either structurally (Reubold-model (30)) or fluorescent spectroscopically (61). 

Moreover, the actomyosin rigor complex formation was shown to trigger the closing of the 

cleft.  
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However, significant and important differences were gained from these set of experiments 

compared with the previous structure-based theories. Previously, it was an accepted theory 

that the actin-binding cleft has two conformations, the open and closed states. During the 

actomyosin ATPase cycle, myosin alters between its actin-bound and actin detached-states, 

which are determined by the cleft conformation. ATP binding was supposed to open the actin-

binding cleft. In our recently published study (43), it has been demonstrated that the 

conformation of switch 1 determines the actin-myosin interaction. ATP was shown to push 

the equilibrium of the switch 1 loop to the closed state. This is kinetically and structurally 

coupled with the opening of the actin-binding cleft. That is the reason why ATP triggers the 

dissociation of the actomyosin complex. However, in the ADP bound state, switch 1 is in 

equilibrium between its open and closed conformations. A detailed kinetic analysis of this 

equilibrium revealed that in the ADP-bound state, the equilibrium between the actin-attached 

and detached states is pushed toward the actin bound A.M.ADP state. That is the reason for 

the phenomenon that M.ATP state possesses weak actin-binding properties and ATP 

dissociates the actomyosin complex, while the M.ADP state is a strong actin-binding state and 

favors the A.M.ADP state. Since all M.ATP and M.ADP.Pi states are weak actin-binding 

states, they were characterized by an open actin-binding cleft. Actin binding, however, 

triggers the closure of the actin-binding cleft. Therefore myosin in the rigor A.M and the 

strongly-bound A.M.ADP states was characterized by a closed actin-binding cleft. In this 

term the actin-binding cleft was proposed to be in a single (open or closed) state in all states 

during the myosin’s enzymatic cycle. But our EPR results suggest another model, where the 

actin-binding cleft is in a dynamic equilibrium between its open and closed states in all 

studied states, and only the fractional distribution of the closed and open cleft populations 

vary between the different states. Actin only pushes the equilibrium toward the cleft closed 

state, while nucleotides favor the cleft open states.  

The results, however, confirmed the previous findings that in apo Dictyostelium myosin the 

cleft is nearly open and that the binding of nucleotides opens the cleft further. According to 

our model, however, this is not a single “nearly open” cleft state, and the nucleotide-bound 

states are not “fully open” cleft states, only the equilibrium of the cleft between the two states 

are differently pushed toward each state. The same is true for the rigor complex, which is the 

most important result of our EPR measuremens. Actin doesn’t trigger the absolute closure of 

the cleft; actin only favors the closed state of the cleft more than the various nucleotide-bound 

states.  
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This dynamic approach is important for the understanding of the conformational changes in 

other parts of the motor domain too. Information spreads through molecules in the form of 

conformational changes. The conformation of the actin-binding cleft is coupled to the 

conformation of the 7-stranded β-sheet and the switch 1 loop. This pathway determines the 

interaction between myosin, actin and the nucleotides. Consequently this pathway carries the 

information from the active site to the actin-binding cleft and vice versa. It was proposed that 

the upper 50 kDa subdomain moves as a rigid body. Furthermore, our recently published 

results (43) demonstrated that switch 1 is in fact in equilibrium between its open and closed 

state in all the investigated states and only the equilibrium is pushed toward one direction in 

the different states. Based on these data, the single state actin-binding cleft concept would be 

hard to interpret. However, based on our results, the actin-binding cleft is in equilibrium 

between its open and closed states, which supports the model where the upper 50 kDa moves 

as a rigid body and the occupancy of the active site and the actin-binding left determines its 

conformation.    

 

Putting all this together, I demonstrated that loop 4 has a functional role in actin binding and 

this role is more pronounced in the weak actin-binding states. Loop 4 was shown to play a 

role in the stabilization of the weak actomyosin states, because the off-rate constants ruled the 

weakening effect of the mutants. The stabilization of the weak actin-binding states is 

important because these states play a fundamental role in the actomyosin ATPase cycle. 

Furthermore, the acidic residue at the tip of loop 4 was shown to play an important role in the 

actomyosin interaction by developing a salt bridge cluster with actin’s basic residues. 

The actin-binding cleft was demonstrated to be in a dynamic equilibrium between its open 

and closed state in all studied states, including the rigor state as well. These results suggest a 

model where actin-binding cleft is not in a single state in the different nucleotide- or actin-

bound states, it is only the fractional distribution of the closed and open states which changes. 

This dynamic model is closer to our knowledge of the working mechanism of myosin than the 

previous structure-based, single state actin-binding cleft model was. 

So, loop 4 plays an important functional role in the weak actin-binding states, while 

stabilizing the actomyosin complex. What is the role of the weak actin-binding states in the 

actomyosin working cycle? How does information from the actin binding regions spread 

through the molecule? What are the effects of the actomyosin complex formation on the other 

parts of the molecule? How are the events occurring in the actin binding regions related to the 
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power-stroke? These key issues are still ambigious. In the following chapter, I will 

demonstrate our search for the answers to these important and interesting questions. 
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Chapter II.  

 
Actin activation and product release of myosin II 
 
  
II.1. Introduction  

 
In Chapter I actomyosin interaction was investigated. Actin binding is the key step in the 

myosin ATPase cycle, because actin directly accelerates the rate-limiting step in the cycle by 

2 orders of magnitude. How this activation occurs, i.e. how the information spreads from the 

actin binding region through the motor domain to the lever-arm is not clarified yet. The first 

step in the investigation of this question is to identify the rate-limiting step of the basal 

ATPase cycle, because whichever step is the rate-limiting, actin directly exerts its 

acceleratory effect on that very step. If we knew the actual states which participate in the rate-

limiting step, we could build a model which describes the working mechanism of actin 

activation.  

However, the direct experimental evidence for assigning the rate-limiting step is still missing. 

The enzymatic processes of myosin ATPase cycle in the absence of actin have been resolved 

up to the hydrolysis step. But little is known about the steps following the hydrolysis step. 

Whether phosphate release precedes or follows the large conformational change (reverse 

recovery-stroke) and whether these are separate events at all is not clarified yet. If we accept 

the model presented in Scheme 1 and 2, the isomerization step (step 4) is followed by the 

phosphate release step (step 5). However, it is also not clarified whether a fast equilibrium 

step is followed by a slow step, or a slow equilibrium step is followed by a fast step. 

Each scenario supports a different model for the working mechanism. If the first one was 

valid, and a fast isomerization reaction was followed by a slow (rate-limiting) phosphate 

release step, it would mean that myosin works with the Brownian ratchet mechanism. If the 

second was valid and the slow (rate-limitng) isomerization step was followed by fast 

phosphate release step, it would mean that a strain-induced conformational change 

mechanism is valid for the working mechanism of myosin. In this case, the required strain 

would originate from actin binding. The importance of determining the rate-limiting step is 

twofold. First, knowing which step is the rate-limiting step within the enzymatic cycle is 

fundamental to describing an enzyme. Second, if we could determine the rate-limiting step of 

the basal ATPase cycle, we would be able to reveal the mechanism of actin activation, 
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Figure 25 – Dictyostelium myosin II motor 
domain (1VOM.pdb); relay helix, W501 
orF129 and nucleotide are highlighted 
 
Panel A shows the 1VOM.pdb structure with W501 
shown in green spheres, relay helix is shown in brown 
and the bound nucleotide (ADP.VO4) is shown in 
spheres as well. Panel B is the same but F129 is shown 
in green spheres. 
 

because actin exerts its accelerating effect directly on the rate-limiting step. It is also unclear 

why the acceleration by actin is necessary. Is the acceleration indispensable or is it only a 

consequence of actin binding? If we could determine which step is accelerated by actin 

binding, we would be able to answer these questions as well. 

To reach these aims we should be able to 

separate the isomerization step from the 

product binding/release steps. We used 

two single Trp containing motor domain 

mutants: the W501+ (39) and the W129+ 

(66). W501+ contains one native Trp in 

the relay loop (Fig. 25A), which was 

demonstrated to be a good intrinsic signal 

of the relay region’s conformation: the 

down and up lever-arm positions, which 

are coupled with the switch 2 open and 

closed states, respectively. W129+ is 

based on the W- (Trp-less) mutant 

construct and contains the F129W 

mutation in the nucleotide binding pocket 

(Fig. 25B). This Trp is sensitive to the 

nucleotide binding processes but not 

sensitive to the states of switch 2. 

These mutants enabled us to distinguish 

between the processes in the nucleotide 

binding pocket and the lever-arm 

movement.  

 
 
In the early 2000s, András Málnási-

Csizmadia et.al. demonstrated that the 

open-closed transition of the switch 2 loop (recovery-stroke) and hydrolysis are separate but 

kinetically coupled steps (step 3a and 3b, respectively, in Scheme 2). These studies were 

based on the development and investigation of a single Trp containing mutant of the 

Dictyostelium motor domain (W501+, (39)). The large fluorescent enhancement observed in 
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the chicken skeletal myosin S1 (34;35) during the steady-state ATPase reaction was attributed 

to all native tryptophans. However, W510, which is the homolog residue to Dictyostelium 

W501, was demonstrated to be responsible for this fluorescence change, the others were 

spectroscopically silent tryptophans. In the W501+ mutant all other tryptophans were changed 

into phenylalanines, which did not affect the kinetics of the motor domain significantly (39). 

The fluorescence signal change of Trp501 was useful to kinetically separate the nucleotide-

binding event from the large isomerization step (recovery-stroke), which is coupled to the 

open-closed transition of switch 2 loop and the hydrolysis steps. 

In another study by this group, Mihály Kovács constructed another single Trp containing 

mutant of the Dictyostelium motor domain (W129+) (66). In this mutant all native 

tryptophans were mutated into phenylalanines (W-, (39)) and the F129W mutation was 

introduced. This Trp was sensitive to nucleotide binding, indeed. However,  it couldn’t 

distinguish between ADP, ATP or the ADP.phosphate analog (ADP.BeFx) (66). This 

construct was not sensitive to the open-closed transition of switch 2 loop. 

 

Phosphate (Pi) release from myosin’s active site during the ATPase cycle is of special interest, 

because this step is presumed to be the rate-limiting step of myosin’s ATPase turnover. 

Moreover, this step is assumed to be coupled to the working stroke in the crossbridge cycle 

(32;67). These studies demonstrated that phosphate release from rabbit skeletal muscle 

myosin II at 20°C in the absence of actin is 0.05 s-1, which correlates well with the steady-

state ATPase rate of the whole ATPase cycle, therefore phosphate release was appointed to be 

the rate-limiting step in the overall steady-state ATPase activity. 

By contrast, Trentham et.al. previously suggested (68;69) that a fast phosphate release step is 

preceded by a slow isomerization step, because phosphate binding was known to be weak (Kd 

> 1 mM) and the second order binding constant for phosphate binding would be extremely 

low if the isomerization step (step 4 in Scheme 1) and the phosphate release step (step 5 in 

Scheme 1) occurred simultaneously.   

This suggestion was thought to be experimentally proved by H.G. Mannherz et.al. who 

managed to detect a small amount of radioactively labeled M*.ATP population when they 

added 32P-labelled phosphate in high concentration to myosin II S1.ADP complex (41). In this 

study, they demonstrated that the isomerization between the M**.ADP.Pi and M*.ADP.Pi 

states (step 4) is slow but reversible (K4= 15.6 at pH 8 and 0.9 at pH 6), and the binding of 

phosphate to M*.ADP (step 5) is a weak binding process (K5= 7.3 mM at pH 8 and 55 mM at 

pH 6). Three years later, they reconsidered their previous findings (70), since they found that 
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the observed saturation of 32P incorporation was a result of the change in ionic strength as 

they increase the phosphate concentrations. Afterwards the demonstrated values for K4 and K5 

parameter values have no longer been accepted. 

Furthermore, Bagshaw and Trentham (35) demonstrated that phosphate binds to the apo M 

form more readily than to M*.ADP state, however M*.ADP was found to be an intermediate 

state during the steady-state ATPase cycle. Therefore, they suggested that the phosphate 

release step precedes the ADP release, although it might cause the same result if the kinetics 

and temperature dependence of the ADP release from M*.ADP.Pi was similar to those of the 

ADP release from the M*.ADP state. Thus the order of the release of the hydrolysis products 

also remained ambiguous.  

 

Solution and fiber experiments (63;68;71;72) suggested that phosphate release occurs first 

and it is followed by ADP release. As I mentioned above, the M.ADP state possesses strong 

actin-binding properties, while binding phosphate to the complex developing the M.ADP.Pi 

state results in the weakening of the actiomyosin interaction. Previous studies demonstrated 

with solution experiments that more than half of the free energy obtained from ATP 

hydrolysis librates during phosphate release (72). Based on this observation, the phosphate 

release step was suggested to be coupled to the power generating lever-arm movement, i.e. 

the power-stroke. However, Goldman and Brenner demonstrated that solution kinetics of the 

actomyosin system might be different from fiber kinetics (73). They and others demonstrated 

that results based on single fiber experiments indicate that the power-stroke precedes the fast 

phosphate release step, however the initial state of the power-stroke in this case is a weak 

actin-binding A.M.ADP.Pi state (74-77). In their models the weak-to-strong transition was 

necessarily required before the power-generating step. This means that although myosin binds 

to actin in the pre-power-stroke conformation with both ADP and phosphate bound to the 

active site (which state possesses weak actin binding properties), the weak-to-strong transition 

indeed occurs in the motor domain before the power-generating step. 

 

Another important view concerning phosphate release is the structural difficulties of the 

phosphate dissociation from the M*.ADP.Pi complex when ADP is still bound to the active 

site. According to the structural and computational studies of the M**.ADP.Pi analog states 

(i.e. M**.ADP.Vi (1VOM) and M**.ADP.BeFx (1MMD)), phosphate dissociation is sterically 

hindered through the ‘front door’ by structural elements and ADP itself. For these structural 

reasons, and if we accept that phosphate releases first, another route is required for phosphate 
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to leave the active site of myosin. This gave rise to the so called ‘back door’ mechanism of 

phosphate release (44;45), which provided an alternative route for phosphate dissociation 

through the opposite direction where nucleotide binds to myosin.  

However, if we assume that ADP releases first, a structural rearrangement of the active site is 

also required for ADP to dissociate through the ‘front door’, because the switch 2 loop does 

not provide enough space for ADP to dissociate through the ‘front door’ (44;45). Recently 

published near-rigor crystal structures (27;31) revealed a possible route for ADP release. In 

these structures switch 1 is open, which allows ADP to release from the active site through 

the ‘front door’ (while the initial phosphate dissociation is still hindered by the presence of 

ADP). Moreover, switch 1 opening is triggered by actin binding, therefore this route can be 

open for ADP release if myosin attaches to actin in the M.ADP.Pi states despite their low 

actin affinities. This assumption is consistent with the findings of 3D tomography studies 

carried out on fully active isometric insect flight muscles (78). In this study, Taylor et.al. 

demonstrated the existence of actin attached myosin heads in the pre-power-stroke 

(M*.ADP.Pi) conformation, which is known to be a very weak actin-binding state. Since 

switch 1 and 2 loop conformational changes play a crucial role in the crossbridge-cycle (i.e. 

actin binding/dissociation, lever-arm up/down position), the order of the release of the 

hydrolysis products – which is directly linked to the relative opening order of switch loops –  

is a fundamental question in understanding the motor mechanism of myosin.  

 

In the following section, I present the separate elucidation of the product binding/dissociation 

events and the isomerization step using the W501+ and W129+ constructs, which led us to a 

novel model of actin activation. The isomerization step was demonstrated to be the rate-

limiting step of the ATPase cycle of Dictyostelium myosin II. Therefore, actin has its effect 

on this step, which constitutes the power-stroke of myosin in the presence of actin. The 

power-stroke in this model occurs in weak actin-binding states, and the weak-to-strong 

transition is not necessarily required to avoid significant futile cycles. Moreover, we also 

demonstrated that the sequence of release of the hydrolysis products in the absence of actin 

contradicts the former idea, because ADP releases first, which is followed by the fast 

phosphate release step. This finding explains that the ‘back-door’ mechanism for the 

phosphate release is not necessarily required.   
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Figure 26 – Observed effects of pyrophosphate contamination on myosin ATPase. 
 
Panel A shows that addition of ADP to 3 µM W501+ in a spectrofluorimeter induced ~10% fluorescent 
intensity decrease. Addition of untreated phosphate buffer induced ~0.3 s-1 increasing phase which was 
followed by a 0.025 s-1 decreasing phase. Panel B shows that addition of untreated phosphate buffer first 
induced a ~15% fluorescence quench and addition of ADP resulted in no fluorescent change. Panel C shows 
the stopped-flow records of 3 µM W501+ mixed with 500 µM ADP in the presence of 25 mM untreated 
(lower trace with blue fit) and 25 mM pre-boiled (upper trace, red fit) phosphate buffer. 
 

II.2. Results 
 
Detection and elimination of pyrophosphate traces from phosphate buffer 

 

 

In our earlier study, the ADP and phosphate binding of W501+ were investigated in the 

presence of phosphate and ADP, respectively, in order to elucidate whether the high 

fluorescent M*.ADP.Pi state develops.  

W501+ was preincubated in a spectrofluorimeter with ADP and after the M†.ADP state was 

formed (20% fluorescent decrease) phosphate was added to the cuvette. Figure 26A shows 

that a relatively slow (~0.3 s-1) increasing phase was followed by a slower (0.025 s-1) 

quenching phase. However, when W501+ was preincubated with phosphate and ADP was 

added later, the fluorescent intensity was not enhanced to the M*.ADP.Pi state, only a slight 
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fluorescent intensity quench was detected indicating that the reaction was blocked by a 

contaminating compound in the phosphate buffer (Fig. 26B). The same effect was observed 

when we preincubated 3 µM W501+ with 25 mM untreated phosphate buffer and mixed with 

500 µM ADP in a stopped-flow apparatus (Fig. 26C).  

This contaminating compound must have had higher affinity to myosin’s active site than 

either ADP (Kd ~ 1 µM) or phosphate (Kd ~ 10 mM). That could explain the observed effects 

that once the complex is formed the contaminating agent chases both ADP and phosphate, 

and during the preincubation with phosphate it could bind to the active site, thereby blocking 

the binding of both ADP and phosphate to myosin. 

Many inorganic ions that are able to form polymers in solution (VO4
-, SO4

2- and PO4
3-) are 

known to equilibrate between the monomer and the polymer forms. The contaminating 

compound was suspected to be pyrophosphate (PPi) (P2O7
4-) , since its affinity to myosin is 

high (Kd= 200 nM) and it binds to myosin slowly as described earlier (66). In that study, PPi 

binding to W129+ saturated at kmax=0.58 s-1 and the second order binding constant for PPi 

was kon,PPi= 6.51 mM-1s-1. However, in our case PPi concentration was assumed to be a few 

µM. In this concentration range the rate of binding is at least one order of magnitude slower 

than the maximal rate because it is far below the dissociation constant Kd,PPi= 89 µM, which 

correlates with the observed rate of the fluorescent quench in the first reaction (Fig. 26A).  

We investigated this assumption by NMR spectroscopy. NMR spectra of phosphate buffer 

showed an additional peak at -5.67 ppm next to the dominating peak of phosphate at 3.47 

ppm. This additional peak had 4 orders of magnitude lower intensity (Fig. 27A). To test 

whether this peak corresponds to pyrophosphate, we added pyrophosphate to the solution, 

which significantly increased the signal at -5.67 ppm (Fig. 27B) and confirmed the existence 

of pyrophosphate contamination in the phosphate buffer.  

Similarly to the vanadate-polyvanadate equilibrium, PPi dissociates to phosphate at high pH 

and temperature. Therefore, we boiled the Na2HPO4 solution at pH 9-10 for 30 minutes at 

121°C. NMR spectroscopy demonstrated that the boiling procedure reduced the 

pyrophosphate level by 5-10-fold (Fig. 27A).   

Using the treated phosphate buffer, we repeated the reaction when W501+ was preincubated 

with phosphate buffer and mixed with ADP in the stopped-flow apparatus and a large 

fluorescent intensity enhancement was detected (Fig. 26C) indicating that the heat treatment 

reduced the pyrophosphate level. 
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After the contaminating compound was determined to be pyrophosphate, and the heat 

treatment was demonstrated to be an effective method to reduce its level in phosphate buffer, 

we started to investigate the ADP and phosphate binding reactions of W501+ and W129+. 

 

 
 

 

Phosphate binding of W501+.ADP complex 

 

We studied the phosphate binding properties of the W501+.ADP complex to elucidate 

whether step 4 and step 5 in Scheme 2 are separate events. We mixed the W501+.ADP 

complex with different amounts of phosphate in the stopped-flow apparatus. This set of 

experiments was carried out at two different pH (pH 6.7 and 7.2) and two different ionic 

strength (I=118 mM or 244 mM). The ionic strength of the solutions was kept constant by 

adding different amounts of NaCl. Trp501 fluorescence was followed and fluorescent 

enhancement was detected indicating that the isomerization reaction can run backwards. 

 

 
 
Figure 27 – NMR spectra of phosphate buffer before and after heat-treatment and 
with additional pyrophosphate. 
 
Panel A shows the 31P NMR spectrum of the untreated phosphate buffer (upper trace) and the spectrum of the 
phosphate buffer after 30 min boiling at 121°C at pH 10. The additional peak at -5.67 ppm next to large 
phosphate peak at 3.47 ppm is reduced with 5-10 fold after heat treatment. Panel B shows the control 
experiment when pyrophosphate was added to the phosphate buffer and the peak at -5.67 ppm was 
significantly increased. This shows that the contaminating comound in phosphate buffer that blocks myosin’s 
enzymatic reactions is pyrophosphate, which level, however, can be reduced by boiling at alkaline pH. 
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Single exponentials were fitted to the traces and the observed rate constants and the 

amplitudes were plotted against phosphate concentration (Fig. 28 A and B).  

At the used phosphate concentrations, the W501+.ADP complex could not be saturated with 

phosphate, thus plots were fitted with linear and the slope (apparent on-rate constant of 

phosphate to the W501+.ADP complex) was kW501+.ADP
Pi,on,app,118mM,pH7.2=0.0036mM-1s-1 and 

the extrapolated intercept (apparent off- rate constant) was kW501+.ADP
Pi,off,app,118mM,pH7.2= 0.052 

s-1 (Fig. 28B). These values determine the apparent dissociation constant of phosphate for the 

W501+.ADP complex as Kd,app,Pi= 14.2 mM. The apparent on-rate constants were 

significantly affected by either pH or ionic strength but the apparent off-rate constants were 

practically unaltered (see Table 4). 

 
If we had increased the phosphate concentration further, the ionic strength would have been 

increased to I> 120 mM at pH 7.2. Thus we were not able to determine the saturation value of 

the plots of the observed rate constants which would give the observed rate of the 

isomerization reaction. But based on the measurements at I= 244 mM at pH 7.2, there are 

some indications that the maximum observed rate constant at pH 7.2 and I=118 mM is 

kW501+.ADP
Pi,max,app ≈ 0.2 s-1. In order to precisely determine this parameter value, we carried 

out the reactions in an opposite arrangement, when phosphate was preincubated with W501+ 

and this complex was mixed with different amounts of ADP. 

 

 

 

 
 
Figure 28 – Phosphate binding of W501+.ADP complex. 
 
Panel A shows stopped-flow traces of 3 µM W501+ preincubated with 1 mM ADP and mixed with varying 
amount (2-25 mM) of phosphate at pH 7.2 and I= 118 mM. Single exponentials were fitted to the traces and 
the observed rate constants were plotted against phosphate concentrations (Panel B). On-rate constants were 
significantly changed by varying either pH (7.2 and 6.7) or ionic strength (I= 244 mM and 118 mM). 
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ADP binding of W501+.Pi complex 

 

All the experiments referred to in the following sections were carried out in I=118 mM and 

pH 7.2 buffers, unless otherwise noted. After incubation of MD with phosphate the complex 

was mixed with varying amounts of ADP in a stopped-flow apparatus. Note that both syringes 

contained 25 mM phosphate in order to keep phosphate concentration constant in the reaction 

chamber. Double exponentials were fitted to the traces (Fig. 29A), which resulted in a fast 

phase with small amplitude change and a slow but large fluorescent enhancement phase. At 

350 µM ADP concentration, the observed rate constants of the fast phase and the slow phase 

were kfast=400 s-1 and kslow=0.14 s-1, respectively. Figure 29B shows the plot of the observed 

rate constants of the slow phase as a function of ADP concentration. The plot was fitted with 

a hyperbola. The initial slope of the hyperbola (the apparent on-rate constant of ADP for 

M.Pi) is kW501+.Pi
ADP,on,app= 0.011 uM-1s-1, and the rate constant saturates at kW501+.Pi

ADP,max,app= 

0.20 s-1. Note that kmax≈ 0.2 s-1 was suggested by the phosphate binding to M†.ADP complex 

experiments as well.  

 

 
 

ADP binding of W129+.Pi complex 

 

In order to separate the isomerization step and the product release steps (if it is possible), we 

investigated the ADP and phosphate binding processes to M.Pi and M.ADP, respectively, with 

  
 
Figure 29 – ADP binding of W501+.Pi complex. 
 
Panel A shows the stopped-flow trace of 3 µM W501+ mixed with 350 µM ADP in the presence of 25 mM 
phosphate in both syringes. A fast (400 s-1) quenching phase was followed by a slow (0.14 s-1) increasing 
phase. The rate of the slow phase was dependent on ADP concentration. The plot of the slow phase against 
ADP concentrations (Panel B) resulted in: kW501+.Pi

ADP,on,app= 0.011 uM-1s-1 and kW501+.Pi
ADP,max,app= 0.20 s-1. 
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W129+. This construct is sensitive to the nucleotide binding to the active site, and it doesn’t 

distinguish between the different nucleotide states. ATP, ADP, ADP.Pi and ADP.BeFx all 

cause the same 55% decrease in fluorescence intensity (66), and phosphate increases Trp129 

fluorescence by 10%.  

 
We mixed 4 µM W129+ preincubated with a saturating amount of phosphate and mixed the 

complex with different amounts of ADP. A large Trp fluorescence decrease was observed 

(Fig. 30A) indicating the formation of the M.ADP.Pi complex. Single exponentials were fitted 

to the traces and the observed rate constants were plotted against ADP concentration (Fig. 

30B). The amplitudes of the fluorescence changes were also plotted against ADP 

concentration, however, above 100 µM ADP concentration a significant part of the 

amplitudes were lost in the dead-time of the apparatus. Hyperbolas were fitted to plots of both 

the observed rate constants and the amplitudes. From the fittings the apparent on-rate constant 

of ADP for M.Pi complex is kW129+.Pi
ADP,on,app= 1.6 µM-1s-1, the apparent off-rate constant is 

kW129+.Pi
ADP,off,app= 19 s-1 and the hyperbola saturates kW129+.Pi

ADP,max,app=  370 s-1. The half 

maximum-value of the hyperbola fitted to the plot of the amplitudes is [ADP]W129+.Pi
half-sat= 15 

µM. 

 

 

 

 

  
 
Figure 30 – ADP binding of W129+.Pi complex. 
 
Panel A shows the stopped-flow traces of 4 µM W129+ complexed with phosphate and rapidly mixed with 
different amount (5-500 µM) of ADP. Single exponentials were fitted to the traces and the observed rate 
constants were plotted as a function of ADP concentration (Panel B). hyperbola was fitted to the plot which 
resulted in: the apparent on-rate constant is kW129+.Pi

ADP,on,app= 1.6 µM-1s-1, the apparent off-rate constant is 
kW129+.Pi

ADP,off,app= 19 s-1 and the maximal rate is kW129+.Pi
ADP,max,app=  370 s-1. 
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Phosphate binding of W129+.ADP complex 

 

We also carried out the reactions when the W129+.ADP complex was mixed with phosphate 

and the ADP concentration varied between 50 µM – 1mM. Although the fluorescence 

intensity level of the W129+.ADP complex and the W129+.ADP.Pi complex are identical 

(55% lower than the apo state) – as I mentioned above and presented in (66) –, a significant 

fluorescence enhancement was detected in all ADP concentrations studied. This enhancement 

was the result of the re-equilibration of the high fluorecence (apo and W129+.Pi) and the low 

fluorescence (W129+.ADP and W129+.ADP.Pi) states.  

 

 
 

4 µM W129+ was mixed with 50 mM phosphate in the presence of 50, 150, 450 and 1000 µM 

ADP in both syringes of the stopped-flow apparatus. The records show single exponential 

functions (Fig. 31 A-D) and the observed rate constants are k= 7.5 s-1 ±1 s-1 in all cases, but 

  

  
 
Figure 31 – Phosphate binding of W129+.ADP complex. 
 
Stopped-flow traces of 4 µM W129+ mixed with 50 mM phosphate when W129+ in the presence of 50 µM 
(A), 150 µM (B), 450 µM (C) and 1 mM (D) ADP in both syringes. Although the fluorescence level of 
W129+.ADP and W129+.ADP.Pi is identical, fluorescence intensity enhancement was observed in all cases 
with k= 7.5 s-1 ±1 s-1, but the amplitude decreased as ADP concentration increased. 
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the amplitudes of the fluorescence enhancement were inversely proportional to ADP 

concentration: 17% at 50 µM ADP and 3.5% at 1 mM ADP. Although the amplitude change 

is low, the confidence of the results is high because the rate of the reaction is slow enough not 

to lose much of the amplitudes in the dead-time of the stopped-flow apparatus, plus a high 

concentration of W129+ was used and 15-20 traces were averaged at all ADP concentrations. 

 

Phosphate binding of W129+ 

 

 
As I mentioned in the previous section, W129+ shows a small (10%) fluorescence 

enhancement upon phosphate binding. We carried out phosphate binding reactions with 

W129+, where 5 µM W129+ was mixed with different amounts of phosphate in a stopped-

flow apparatus. The detected traces showed a double exponential function (Fig. 32A). The 

  

 
 
Figure 32 – Phosphate binding of W129+. 
 
Panel A shows the stopped-flow record of 5 µM W129+ mixed with 20 mM phosphate. Double exponential 
was fitted to the trace. Panel B shows the plot of the observed rate constants of the fast phase which was 
dependent on phosphate concentration and resulted the on- and off-rate constants as: kW129+

Pi,on,app= 50.3 mM-

1s-1 and kW129+
Pi,off,app= 35.0 s-1. The dissociation constant of phosphate for W129+ is therefore Kd,W129+,Pi= 696 

µM. Panel C shows the plot of the observed rate constants of the slow phase against phosphate concentration 
which was independent on phosphate concentration an resulted in kobs,slow~ 5 s-1. 
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Figure 33 – ATP chasing of phosphate 
from W129+.Pi complex. 
 
Stopped-flow traces of 4 µM W129+ and 1 mM ATP 
in the absence (lower trace, red fit) and in the presence 
(upper trace, green fit) of 45 mM phosphate. In the 
absence of phosphate the record showed double 
exponential function with kW129+

ATP,fast= 1140 s-1 and 
kW129+

ATP,slow= 350 s-1. In the presence of 45 mM 
phosphate the observed stopped-flow trace was single 
exponential and the observed rate, which is the off-
rate constant of phosphate for W129+, was 
kW129+

Pi,off,ATPchase= 260 s-1. 

observed rate constants of the fast phase were dependent on phosphate concentration and the 

fitted hyperbola to the plotted rate constant values saturated at kW129+
Pi,max,app= 300 s-1.  

The apparent on-rate constant of phosphate binding for W129+ is kW129+
Pi,on,app= 50.3 mM-1s-1, 

while the apparent off-rate constant is kW129+
Pi,off,app= 35.0 s-1 (Fig. 32B). These values 

determine the dissociation constant of phosphate for W129+ as Kd,W129+,Pi= 696 µM. 

However, the observed rate of the slow phase was independent of the phosphate concentration 

kobs,slow~ 5 s-1 (Fig. 32C). 

An ATP chasing experiment was carried out to test whether this phosphate binding occurs at 

the active site of myosin or if phosphate binds to an alternative binding site close to Trp129. 

Therefore 4 µM W129+ and 0.5 mM ATP were mixed both in the presence and in the absence 

of phosphate in a stopped-flow apparatus.  

In the absence of phosphate, the record could be fitted with double exponentials, as described 

in (66). The observed rate of the fast phase was kW129+
ATP,fast= 1140 s-1, and that of the slow 

phase was kW129+
ATP,slow= 350 s-1. When 45 mM phosphate was preincubated with W129+ and 

the complex was mixed with 0.5 mM ATP, the observed trace showed a single exponential 

function with the observed rate constant kW129+
Pi,off,ATPchase= 260 s-1 (Fig. 33). This value is, by 

definition, the off-rate constant of phosphate binding for W129+. 

The chasing experiments demonstrated that 

the phosphate binding of W129+ described 

in this section is not the phosphate binding 

to the functional ATP binding pocket of 

myosin, because the off-rate constants for 

phosphate chased by ATP are one order of 

magnitude higher than those coming from 

the binding experiments. That is why we 

suggested that there is an alternative 

binding site of myosin for phosphate near 

the active site, because Trp 129+ senses its 

binding, but it doesn’t overlap with the 

functional ATP binding pocket.  

Furthermore, calculating the dissociation 

constant for phosphate from the other 

experiments Kd,Pi≈ 10 to 20 mM and taking  
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Figure 34 – ATP chasing of dmADP and 
phosphate from W501+.dmADP.Pi complex. 
 
Stopped-flow records of 8 µM W501+ complexed with 
100 µM dmADP in the absence (lower trace) and in the 
presence (upper trace) of 42 mM phosphate and this 
solution was mixed with 2 mM ATP (premix 
concentrations). ADP release was 2.5 s-1 and single 
exponential, however, in the presence of phosphate the 
record was double phased with a fast kfast= 5.8 s-1 and a 
slow kslow= 0.04 s-1 phase. The ratio of the amplitude of 
the fast and the slow phase was Afast/Aslow= 0.50. 
 

kW129+
Pi,off= 260 s-1, the on-rate constant for phosphate binding is kW129+

Pi,on≈ 12-25 mM-1s-1. 

Note that these values are in good correlation with those suggested by Bagshaw and Trentham 

(35) for a fast and weak phosphate binding.  

 

Dissociation of dmADP from M.ADP.Pi by ATP chasing 

 

We aimed to directly investigate the 

dissociation of ADP and phosphate 

from the active site of myosin. 

Therefore 8 µM W501+ and 100 µM 

dmATP were preincubated for 15 min 

at 20°C to prepare the W501+.dmADP 

complex. This complex was then 

mixed with 2 mM ATP in a stopped-

flow apparatus and mant fluorescence 

was followed. The observed rate of the 

reaction was k= 2.5 s-1, which is the 

off-rate constant for dmADP. This 

value is slightly slower than that of the 

unlabeled ADP, because of the higher 

affinity of the mant labeled 

nucleotides to myosin demonstrated in 

(79-81). When the experiment was 

repeated in the presence of 42 mM phosphate, the records became biphasic. The observed rate 

constant of the fast phase was k= 5.8 s-1 and that of the slow phase was k= 0.04 s-1, and the 

ratio of the amplitudes was Afast/Aslow= 0.50 (Fig. 34). These values slightly differ from the 

expectation but show that the isomerization step is pushed toward the M*.ADP.Pi state. The 

difference between the expected and the observed values of the rates and amplitude might be 

due to the effect of the mant group.  

 

Actin binding of W501+.ADP.AlF4 complex 

 

The actin binding of the W501+.ADP.AlF4 complex was followed by light scattering signal. 

109 µM W501+, 1 mM ADP, 1 mM AlCl3 and 5 mM NaF were incubated on ice for 3 hours 
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Figure 35 – Actin binding of 
W501+.ADP.AlF4 complex. 
 
109 µM W501+ was incubated with 1 mM ADP, 1 mM 
AlCl3 and 5 mM NaF on ice for 3 hours. After complex 
formation the solution was mixed with 1 µM F-actin in a 
stopped-flow apparatus and the concentration of W501+ 
was varied between 0-92 µM. Light scattering signal was 
followed and very fast (1000 s-1<) reactions were detected. 
The end points of the reactions were determined which 
represented the amplitude (A) of the reaction if correlated 
them to the end point of the reaction in the absence of 
W501+ (A0). The A/A0 values were plotted against 
W501+ concentration and hyperbola was fitted to the plot, 
which resulted in the dissociation constant of 
W501+.ADP.AlF4 for actin: Kd.AlF4.actin = 57 µM. 
 

and the complex formation was 

followed by the steady-state fluorescent 

emission spectrum of Trp501, because 

the formation of the W501+.ADP.AlF4 

complex induces a 100% fluorescent 

intensity enhancement at 340 nm. 1 µM 

F-actin was mixed with varying 

amounts of W501+.ADP.AlF4 complex 

to investigate the actin binding 

properties of the complex and the light 

scattering signal was followed. The 

detected reactions were very fast (1000 

s-1<), even at low W501+.ADP.AlF4 

concentrations, since most of the signal 

change lost in the dead-time of the 

stopped-flow apparatus. The signal in 

the stopped-flow apparatus was very 

stable. Almost all of the single traces 

were overlapped with each other. This 

enabled us to determine the starting- and the end-points of the certain reactions at each 

W501+.ADP.AlF4 concentration. The difference between the end points of the reactions 

represented the total amplitudes of the reactions. Figure 35 shows the plot of the amplitudes 

of the reactions (A/A0) against the W501+ concentration, where A is the end point of the 

given reaction and A0 is the end point of the reaction in the absence of W501+. A hyperbola 

was fitted to the plot which resulted in the dissociation constant Kd.AlF4.actin = 57 µM. 

 

Actin activated ATPase activity of W501+ 

 

Actin activated ATPase activity of W501+ was measured by PK/LDH-coupled assay (this 

experiment was carried out by Bálint Kintses). The activities were determined at different 

amounts of actin (0-100 µM) and were plotted against actin concentration. A hyperbola was 

fitted to the plot, which determined the maximum of actin activated ATPase activity as Vmax 

actin= 3.8 s-1 and the Km actin value was Km actin= 67 mM.  (Note the difference in the Km actin 

values of W501+ here and in Chapter I. This difference is the result of the phenomenon which 
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was mentioned in Chapter I as well. There is a significant difference between the actin 

activated ATPase Km actin values of the different actin preps. Therefore, for a comparison 

between different myosin preps, it is necessary to use the same actin prep. The reason for this 

difference is that different actin preps were used in the two measurements.) 

  

 

II.3. Discussion 
 
Since the classical Bagshaw-Trentham scheme did not provide experimental evidence for the 

specific substeps following the hydrolysis of ATP, the relationship between the isomerization 

(reverse of recovery-stroke) step (K4) and the release of the hydrolysis products (K5, K6 and 

K7) still remains ambiguous. Nevertheless, applying the W129+ and the W501+ constructs 

enabled us to elucidate the lever-arm motion and the ligand binding/dissociation events 

separately. The results with these two constructs led us to determine the order and the precise 

parameter values of the specific substeps in the basal ATPase cycle. This provided new 

insights into the mechanism of actin activation and took us closer to the understanding of the 

overall mechanism of the cross-bridge cycle.   

 

First, I would like to clarify one important expression frequently used hereafter. The large 

conformational change of the head domain of myosin is the lever-arm swing. This motion is 

directly linked to the open and closed conformation of the switch 2 loop: open state of the 

switch 2 loop corresponds to the down (or relaxed) lever-arm position and the closed state of 

the switch 2 loop corresponds to the up (or primed) position of the lever-arm. 

The open-closed transition of the switch 2 loop occurs during the recovery-stroke (step 3b) of 

myosin, which follows the ATP binding event (step 2) but precedes the hydrolysis step (step 

3b). The starting point of this transition is the so called post-rigor state, which constitutes the 

down lever-arm position and the bound ATP in the active site. The end point is the so called 

pre-power-stroke state with up lever-arm position and either ATP or ADP.Pi bound to the 

active site. The recovery-stroke process is a very fast event (350 s-1) (40) and occurs in an 

actin-detached state.  

However, the closed-open transition of switch 2 (reverse recovery-stroke) is coupled to the 

reorientation of the lever-arm from the pre-power-stroke (up) state to the post-power-stroke 

(down) state. In this study, we provided evidence that this process is a very slow event, 
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constituting the rate-limiting step of the basal ATPase cycle. Moreover, this transition occurs 

in actin-bound form despite the very low affinities of the M.ADP.Pi states.  

Note that the expression of ‘power-stroke’ is not correct in the absence of actin, since there is 

no power-generating step. Therefore, I used the expression ‘isomerization’ or ‘reverse 

recovery-stroke’ step for the up-down transition of the lever-arm. However, in the presence of 

actin the term ‘power-stroke’ is correct.   

   

Separation of the lever-arm swing from ADP and phosphate binding/release processes 

 

Since Trp501 in the W501+ construct and 

Trp129 in the W129+ construct are located in 

the relay region and in the nucleotide-binding 

pocket, respectively, their fluorescence 

senses different environmental changes. 

When ADP binding was investigated to 

either the W501+.Pi or the W129+.Pi 

complex, different behavior was detected by 

the different tryptophans (Fig. 36).  

The observed rate constants of ADP binding 

to the W501+.Pi complex saturated at 

kW501+.Pi
ADP,max,app= 0.20 s-1. In a two step 

mechanism, where the signal change is on 

the second equilibrium step, the saturation of 

the observed rate constant is the sum of the reverse and forward rate constants. The rate of the 

overall basal ATPase cycle is kbasal=0.05 s-1. This is the rate constant of the forward reaction. 

From these data we can calculate that the forward rate constant for the reverse recovery-stroke 

is kRR,up-down=0.05s-1 and the reverse rate constant is kRR,down-up=0.15s-1 (because 

kW501+.Pi
ADP,max,app= kRR,up-down+kRR,down-up). 

By contrast, the observed rate consants of ADP binding to the W129+.Pi complex saturated at 

kW129+.Pi
ADP,max,app~ 400 s-1. The calculated off-rate constant for ADP was kW129+.Pi

ADP,off,app= 

19 s-1. The phosphate release was also demonstrated to be a fast reaction (kW129+
Pi,off= 260 s-1) 

in the ATP chasing reaction.  

 
Figure 36 – ADP binding of W501+.Pi 
and W129+.Pi complexes. 
This figure shows stopped-flow records of ADP 
binding to M.Pi complex in the case of W501+ and 
129+. These data are also shown at Figure 26 and 
27. This figure is to demonstrate that Trp129 and 
Trp501 are sensitive for different enzymatic 
processes. 
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Therefore, the isomerization reaction sensed by Trp501 fluorescence is orders of magnitude 

slower than either the ADP or the phosphate dissociation. Consequently, this step constitutes 

the rate-limiting step in the basal ATPase cycle.  

Based on these results, we conclude that the ligand binding/dissociation events occur 

separately from the lever-arm swing and the lever-arm swing sensed by Trp501 fluorescence 

is 2-3 orders of magnitude slower than the ligand-dissociation processes. These findings are 

presented in Scheme 5, where kRR,up-down represents the rate of the reverse of recovery-stroke 

and kRR,down-up is the rate of the recovery-stroke with bound ADP and phosphate (it is 

important to note that this step is not the same as the kR,down-up recovery-stroke step with bound 

ATP, since the rate of the latter is several orders of magnitude faster, see Table 5). 

    

 
 

Scheme 5 

 

Since kRR,up-down= 0.05 s-1 and kRR,down-up= 0.15 s-1, the equilibrium constant for the reverse 

recovery-stroke is KRR,up-down= kRR,up-down/kRR,down-up= 0.33.  

This mechanism can be further confirmed by the experiment where the W501+.Pi complex 

was mixed with ADP and a fast fluorescent quench was detected preceding the slow 

fluorescent enhancement (Fig. 29 and 36). The reason for the fast quenching phase is the 

generation of the low-fluorescent M†.ADP.Pi state upon fast ADP-binding, which is followed 

by the slow isomerization step generating the high-fluorescent M*.ADP.Pi state. Note that the 

rate of this quenching phase is as fast as the ADP-binding process to the W129+.Pi complex. 

This indicates that ADP binding reaction was sensed in both cases.  

Furthermore, this mechanism is also verified by the experiment where a large molar excess of 

ATP chased down dmADP and phosphate from the active site (Fig. 34). In the presence of 

dmADP and a saturating amount of phosphate, the observed stopped-flow record showed a 
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double exponential function. The fast phase corresponds to the dmADP dissociation from the 

M†.ADP.Pi state, the relative amount of whose population is ruled by the equilibrium constant 

between the M*.ADP.Pi and the M†.ADP.Pi states (KRR,down-up). The slow phase, however, 

corresponds to the dmADP release from the M*.ADP.Pi state (generated during the 

preincubation time before the experiment), which must go through the slow (rate-limiting) 

isomerisation step to M†.ADP.Pi state from which ADP can dissociate.  

The ratio of the amplitudes of the two phases was Afast/Aslow= 0.50. This provides the 

equilibrium constant of the reverse of recovery-stroke. However, if the previously determined 

parameter values for KRR,up-down= 0.33 and the dissociation constant of phosphate for M.ADP 

complex KDP= 42 mM were correct, the ratio of the amplitudes should be  Afast/Aslow= 0.78. 

The observed difference from the expectation is likely to be caused by the mant group of 

dmADP. Mant modification of nucleotides has been demonstrated to affect the affinity of 

ADP for myosin as described in previous studies (79-81). It might be possible that mant has 

an influence on the binding properties of phosphate as well. If we propose that the KRR,up-down 

value is not affected by the mant group, then a 2.7-fold stronger binding of phosphate to 

M.ADP (Kd,DP=9.6 mM instead of 42 mM)  explains the results. On the other hand, it is more 

possible that phosphate affinity is not changed by the mant group and in that case the 

equilibrium of the reverse-recovery-stroke would only be slightly affected: KRR,up-down= 0.12 

instead of 0.33. 

 

These findings support the strain-induced conformational change working mechanism for 

myosin. Since the conformational change is the rate-limiting step of the basal ATPase cycle, 

actin activation must have an impact on this step. This means that there is a hindrance in the 

motor domain, which makes the lever-arm movement slow in the absence of actin. Actin 

binding, however, induces a strain in the motor domain, and this strain helps the motor 

domain to overcome the obstacle and makes the lever-arm movement (i.e. the power-stroke) a 

two order of magnitude faster process (Vmax actin=3.8 s-1) than it was in the absence of actin. 

 

Determination of the order of ADP and phosphate release during basal ATPase cycle 

 

Although there has been no direct evidence whether ADP or phosphate releases first from the 

active site of myosin, it has been widely accepted that phosphate release precedes the release 

of ADP. This was slightly disputed by the finding of Bagshaw and Trentham (35), who 

suggested that phosphate binds to M or M.ADP states stronger than to M*.ADP (note that this 



PhD Thesis – Máté Gyimesi 

 83

is skeletal muscle myosin nomenclature, where M*.ADP is equivalent to the M†.ADP state in 

the Dicyostelium nomenclature in Scheme 1 and 2, respectively).  

Applying the W129+ construct, which is a very sensitive sensor for ligand-binding events, we 

were able to determine all measurable rate constants of ligand binding processes. Then we 

simulated the potential pathways of the main flux by a global fit simulation (Berkeley-

Madonna software) i.e. whether ADP or phosphate releases first.  

The binding of two ligands to one enzyme can be represented in a thermodynamic box. 

Phosphate and ADP binding are presented in Scheme 6.  

 

 
 

Scheme 6 

 

 

ADP binding to M and M.Pi  

  

ADP binding in the absence of phosphate was characterized previously (66). The results 

kD,on= 1.2 µM-1s-1, kD,off= 7 s-1 are reproducible on either W129+ or W501+. In the presence of 

phosphate, ADP binding becomes slightly weaker, since the on-rate constant of ADP binding 

for the M.Pi complex measured with W129+ is kPD,on= 1.6 µM-1s-1, and the off-rate constant 

determined by the extrapolated intercept of the initial slope of the hyperbola is  kPD,off= 19 s-1. 

These data resulted that the dissociation constant of ADP for myosin in the absence of 

phosphate is Kd,D= 5.8 µM, while that in the presence of phosphate is Kd,PD= 12 µM.  
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Phosphate binding M and M.ADP 

 

The direct measurement of phosphate binding in the absence of ADP with W129+ failed 

because phosphate binding to an alternative phosphate-binding site masked the results. This 

alternative site was close to the active site because Trp129 sensed its binding.  However, it did 

not compete with ATP binding to the active site and therefore it did not bind to the functional 

phosphate binding site. However, with the ATP chasing reaction (Fig. 33) we were able to 

measure the off-rate constants of phosphate for myosin as kW129+
Pi,off= 260 s-1. This result is 

consistent with the previously mentioned finding of  Bagshaw and Trentham (35). 

 

Phosphate binding to the W501+.ADP and the W129+.ADP complexes was also measured. 

The binding constant of phosphate for W501+.ADP can be calculated using the results from 

the experiments where W501+.ADP was mixed with varying amounts of phosphate at 

constant ionic strength, and the observed rate constants were plotted against phosphate 

concentrations. The slope of the fitted linear determined  the on-rate constant, while the 

extrapolated intercept determined the off-rate constant of phosphate binding for W501+.ADP, 

which determined the apparent dissociaton constant of phosphate binding as Kd,app,Pi= 14.2. 

From this value the dissociation constant of phosphate binding can be calculated: Kd,DP= 

Kd,app,Pi/KRR,up-down= 14.2 mM / 0.33= 42 mM, from which value the binding constant is KDP= 

1/ Kd,DP= 0.024 mM-1. These calculations are necessary because phosphate binding to 

W501+.ADP can not be measured directly, since the signal change occurs with the slow 

isomerization step, which determines the rate of the signal change. 

 

W129+ is not a good construct either to measure the phosphate binding kinetics of the 

W129+.ADP complex because the fluorescent level is the same in any bound nucleotide 

(ATP, ADP, ADP.Pi). However, simulating the previously described parameters into the 

thermodynamic box, represented in Scheme 6, resulted in fluorescent intensity enhancement 

upon the reaction between W129+.ADP and phosphate. This finding is due to the re-

equilibration of the four reaction components in the scheme. Since the fluorescent level of the 

M.Pi state is 15% higher and the M.ADP.Pi state is 55% lower than that of the wild type, the 

observed fluorescence enhancement is the result of the significantly populated M.Pi state.  

We simulated the flux of the reaction pathways and tested the results experimentally. 

Simulations showed that:  
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1. if no flux was permitted on the pathway where phosphate releases first from the M.ADP.Pi 

state, the reaction between the W129+.ADP and phosphate resulted in a 7 s-1 reaction at all 

applied ADP concentrations. The amplitude of the reaction was, however, inversely 

dependent on the applied ADP concentration.  

2. if even a little flux was permitted on the above mentioned pathway, the rate constants of the 

reactions dramatically increased at different ADP concentrations with ADP concentration 

independent amplitudes.  

 

The reaction was carried out at four different ADP concentrations with 50 mM phosphate. 

The observed rate constant of the reaction was 7.5 s-1 at all ADP concentrations and the 

amplitudes were inversely correlated to the applied ADP concentrations (Fig. 31).  

 

These results confirmed the first assumption: an insignificant flux of the reaction goes 

through the pathway when phosphate releases first and ADP second. The 7 s-1 reaction is the 

result of the ADP off-rate for the W129+.ADP complex (kD,off), because this rate is the 

slowest among the other rate constants. The observed 7.5 s-1 rate is very similar to the 

simulated 7 s-1 rate, therefore we suggested that less than 5% flux flows through the pathway 

where phosphate releases first compared with the other route, where ADP releases first. If we 

accept this assumption then we can determine the maximum value for the rate constants of 

phosphate binding for the M.ADP complex: kDP,on < 0.05 * 7 s-1/ 50mM= 0.007 mM-1s-1 and 

kDP,off < 0.29 s-1 (since Kd,DP= 42 mM as determined above). This means that phosphate 

release from the M†.ADP.Pi state is at least 65 times slower (0.29 s-1) than the release of ADP 

from the M†.ADP.Pi state (19 s-1). In summary, we can propose a model where the 

predominant flux of the hydrolysis products release is M†.ADP.Pi → M.Pi + ADP → M + Pi, 

in other words, in the absence of actin, ADP releases first and this is followed by a fast 

phosphate release event.  

Applying the results from the separation of the isomerization step, from the product release 

steps and from those of the products release order, we can generate a novel scheme for the 

overall ATPase cycle, which is represented in Scheme 7 (the gray area of the scheme shows 

the reaction pathway where insignificant flux goes through). The determined rate constants 

and equilibrium constants used for the scheme are presented in Table 5. 
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Scheme 7 

 

These data provide very important conclusions about both the structural and the functional 

aspects of myosin’s ATPase mechanisms. In this study we have for the first time provided 

experimental evidence for the separation of the isomerization step and the product release 

steps. Furthermore, we demonstrated – also for the first time – that the dominant flux of the 

release of the hydrolysis products is that ADP release precedes the fast release of phosphate. 

This model also has important structural consequences. This means that the dissociation of 

ADP and phosphate occurs in an open switch 1 state. According to the crystal structures 

where switch 1 is open (1Q5G in Dictyostelium and 1OE9 in myosin V, 2OVK in squid 

myosin II), ADP has enough space to be able to dissociate through the ‘front door’, while 

phosphate release is still hindered by the presence of ADP. The Mg2+ located between the β-

phosphate of the bound ADP and the bound γ-phosphate moiety stabilizes – as previously 

described (82) – both ADP and the γ-phosphate, which contributes to the slow release of 

phosphate from the M†.ADP.Pi state. However, Mg2+ is thought to release in line with the 

dissociation of ADP (through the ‘front door’), which causes the stabilization of the 

phosphate moiety and provides free route for phosphate to quickly dissociate from the active 

site through the ‘front door’ as well. 

In summary, we concluded that the previously widely accepted ‘back door’ theory for 

phosphate release is no longer necessary to explain the product release mechanisms. 
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Novel theory for actin activation 

 

Actin, as an allosteric activator of myosin ATPase must have an effect on the rate-limiting 

step of the reaction cycle. As I concluded above, the rate-limiting step in the basal ATPase 

cycle is the slow lever-arm swing from up to down position (reverse recovery-stroke). 

Moreover, in previous works it was also demonstrated that actin has little effect on the rate 

constants of ligand binding/dissociation events (83). However, actin activation causes an 

approximately 80-fold acceleration of the rate-limiting step, since the basal rate of the ATPase 

cycle is 0.05 s-1, which is around 3.8 s-1 in the actin activated ATPase reaction. Based on this 

finding, we can suggest a novel model of actin activation as presented in Scheme 8: 

 

 
Scheme 8 

 

This implies that actin directly accelerates the power-stroke of myosin (kPS,down-up). Note that 

this reaction starts from the weak actin-binding conformation of myosin (A.M*.ADP.Pi), in 

which conformation switch 2 is still closed. The actin binding might, however, induce the 

opening of the switch 1 loop. Very recently this state was kinetically characterized by Jahn 

(84) with an ATP analogue (γ-amido-ATP, ATPN) which favors the closed switch 2 state. He 

observed the actin-binding of myosin II with closed switch 2 pre-power-stroke conformation. 
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If we assume that the rate of the reversal of the power-stroke is not affected by actin and 

kPS,down-up = kRR,down-up = 0.15 s-1, then the equilibrium constant for power-stroke increases 

from KRR= 0.33 to KPS~ 25. This value might prove to be an underestimate because  actin 

might slow down the reverse rate. This would cause a larger difference between the 

equilibrium constants (KRR and KPS). However, this ~80-fold increase in the equilibrium 

constants results in a ∆∆G0= 10 kJ/mol difference in free energy. This means that actin 

directly pushes the equilibrium between the A.M*.ADP.Pi and the A.M†.ADP.Pi states toward 

the down lever-arm state, which process constitutes the power-stroke of myosin. The large 

energy change gained by the lever-arm swing from the M* →  M† state (power-stroke) covers 

the unfavored binding of the weak actin-binding, products-bound states. The energy gained 

from the actin attached lever-arm swing (power-stroke) is higher than the energy required for 

the binding of the weak actin-binding M*.ADP.Pi state. The driving force of actin binding in 

the weak actin-binding states is the stronger and stronger actin binding properties of the 

consecutive states during the progress of the cycle: Kd,A.M*.ADP.Pi= 57 µM, Kd,A.M†.ADP.Pi= 0.6 

µM, Kd,A.M†.ADP= 0.12 µM, Kd,A.M= 0.03 µM (for the last two values see Chapter I, Table 3). 

 

A further confirmation of this model was provided by simulation experiments, which led to 

the same conclusions. These models showed that even at very low actin concentrations the 

main flux of the lever-arm swing (the power-stroke) flows in the actin attached states: even at 

0.5 µM actin concentration, the flux in the actin-attached and -detached states is 50-50% (Fig. 

37A); increasing the actin concentration to 5 µM, the flux in the actin-attached states is 93% 

(Fig. 37B); at 50 µM actin concentration, the flux in the actin-attached state is practically 

100% (Fig. 37C). 
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Earlier studies (42;83;85) suggested that phosphate release precedes the working-stroke step 

in the actin-bound states, based on the assumption that the A.M*.ADP.Pi → A.M†.ADP.Pi 

transition is not pushed strongly to the right, i.e. kPS,down-up>>kRR,down-up=0.15 s-1. If this 

assumption was valid, the quasi irreversible phosphate release step would provide the 

required free energy change for the working stroke. Therefore, the phosphate release should 

precede the lever-arm swing (the power-stroke) avoiding significant futile cycles. In contrast 

to these argumentations, physiological studies demonstrated a significant tension generation 

before the phosphate release, which demands significant free energy change in the 

AM*ADP.Pi → AM†.ADP.Pi transition (67;74-77;86). Our results, namely that the binding of 

the M.ADP.Pi complex to actin is a fast and weak binding process was previously also 

demonstrated by Takagi et.al. in single fiber experiments (77). They suggested a scheme 

which was supported by other studies as well (74-76), in which the weak actin binding 

A.M.ADP.Pi state indeed undergoes the force developing, sliding generating step. The 

  

 
 
Figure 37 – Kinetic simulation results of the power-stroke at different actin 
concentrations. 
 
Kinetic simulation results showed that even at very low (0.5 µM) actin concentrations the reaction flux flows 
through the actin attached and actin detached states in 50-50% (Panel A). At 5 µM actin concentration the 
Fluxattached/Fluxdetached=14 (Panel B). At 50 µM actin concentration the flux in the actin attached state is 
approximately 100% (Panel C). 
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phosphate release occurs only after this power-generating step, which might strengthen 

further the actiomyosin interaction.  

The model based on solution kinetic measurements presented in this thesis makes a 

connection between the fiber and solution kinetic experiments, because in this case the actin-

binding, the actin activated power-stroke and the product release steps occur in this order 

while avoiding significant futile cycles. Moreover, in contrast to previous studies (77;87-89) 

which required that the weak-to-strong transition of the actiomyosin complex should precede 

the power-stroke, our results support a model for which this constraint is not necessary. The 

power-stroke can occur even in the weak binding states of myosin while excessive futile 

cycles are still avoided. Although kPS,down-up still remains unresolved by a direct experimental 

approach, yet, our simulation results presented in Figure 37 make the assumption feasible that 

kRR,down-up is very similar to 0.15 s-1, otherwise the flux through the actin-detached state would 

be more dominant. 

The major consequence is that despite the very weak actin-binding properties of the 

M*.ADP.Pi state (Kd,A.M*.ADP.Pi= 57 µM), the predominant flux indeed goes through the actin-

attached states. The binding of myosin to actin in the pre-power-stroke state was also 

suggested in 3D tomography studies (78), where myosin heads were attached in the pre-

power-stroke state to actin in active insect flight muscle. This state was kinetically 

characterized by Jahn (84) with an ATP analogue (γ-amido-ATP, ATPN). This analogue 

strongly favors the closed switch 2 state. Jahn showed that when ATPN is bound to myosin II, 

actin-binding occurs with closed switch 2 pre-power-stroke conformation. This is a very 

important result, since if the lever-arm swing occurred between the actin detached states futile 

cycling would occur. In other words, from physiological aspects, if the power-generating 

lever-arm stroke occured detached from actin, the energy gained from one ATP molecule 

would be lost. But our results support a model where despite the low actin-affinity of the 

M.ADP.Pi states, the lever-arm swing constituting the power-stroke occurs in actin-bound 

states, thereby avoiding significant futile cycles. 

 

The power-stroke from structural approaches  

 

Kinetics is well suited to determine the sequence of events and the rate constants of the 

certain substeps in a complex enzymatic cycle like the actomyosin ATPase cycle. Kinetics is 

also good for showing us that the logic behind the functioning of macromolecules is quite 

different from human logic; they act very differently from man-made constructions. In this 
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specific case, can a human being imagine a rationally designed engine which generates power 

when it is weakly bound to its guide? And that it is only after this power generation that it 

develops the strong connection with the guide? However, here is a good example of this 

phenomenon that macromolecules evolved along a non-human logic, while they operate 

perfectly in biological systems. 

But no matter how they operate, we should be able to understand their working mechanisms. 

To understand what is behind the ‘strange’ working mechanisms of the actomyosin cycle, we 

should be able to determine the structural characteristics of the actomyosin system. So, what 

structural changes may take place during the power-stroke? 

In the post-hydrolysis state ADP and phosphate are bound to the active site of myosin, while 

both switch 1 and switch 2 are in closed conformation. In this state, the lever-arm is the pre-

power-stroke primed state and the actin-binding cleft is open. Switch 1, switch 2 and the γ-

phosphate moiety are strongly connected with salt bridges and H-bonds. In this case, in the 

absence of actin, both the switch 1 opening and the switch 2 opening (the power-stroke) are 

hindered. Therefore, the isomerization constituting the reverse recovery-stroke is slow and 

thus it is the rate limiting step of the basal ATPase cycle. However, when actin binds to 

myosin, the actin-binding cleft closes (Chapter I), which step is coupled to the opening of 

switch 1 as it was demonstrated in our paper (43). The closing of the cleft and the coupled 

opening of switch 1 weakens the interaction between switch 1 and 2 and with the γ-phosphate. 

In this state, the opening of switch 2 and the coupled lever-arm movement constituting the 

power-stroke can occur freely. The opening of switch 2 further weakens the stabilizing 

interactions between myosin and the products. In this state, both switch 1 and 2 are open, 

which triggers the product release steps because the ‘front door’ is now open for both 

phosphate and ADP. 
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Final conclusions 
 

Summarizing all of the results in this thesis, I claim that we refined the mechanism of the 

actomyosin system at several points: 

 

I. I demonstrated that in Dictyostelium myosin II the sequence of the product release 

steps from myosin in the absence of actin is: ADP releases first and it is followed 

by a fast phosphate release. These results suggest that the so called ‘back door’ 

hypothesis for phosphate release is no longer necessary to explain the product 

release events in the absence of actin. 

 

II. The most important result of this work is that we separated the slow isomerization 

step from the following product release steps. Moreover, we demonstrated that this 

isomerization step is the rate-limiting step in the basal ATPase cycle of myosin II. 

In the actin-bound form the the lever-arm swing, which constitutes the power-

stroke, becomes practically irreversible. An important consequence of these results 

is that actin directly accelerates the isomerisation/power-stroke step. 

 

III. Furthermore, we presented that despite the low actin-affinity of the M.ADP.Pi 

states, the predominant flux of the reaction flows in the actin-bound form even at 

low actin concentrations. Therefore, the lever-arm swing, which constitutes the 

power-stroke of myosin, occurs in an actin-attached state avoiding futile cycles. 

 

IV. I demonstrated that loop 4 is a functional actin-binding site that plays a role in the 

stabilization of the actomyosin complex. The conserved acidic residue at the tip of 

the loop was suggested to play an essential role in the stabilization of the 

actomyosin interaction by developing a salt-bridge cluster with actin’s basic 

residues. I provided experimental evidence confirming this proposal and I 

demonstrated that the role of loop 4 is more pronounced in the weak actin-binding 

states of myosin II.  

This suggest that we found a structural region which (together with other structural 

elements responsible for fine tuning) might play an important role in actin 

activation through stabilizing the weak actin-binding states during the power-

stroke. 
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Materials and Methods 
 

If other not noted, all reagents were purchased from Sigma Chemical Co. (St. Louis, MO). All 

nucleotides and N-(1-pyrene)iodoacetamid (pyrene) were purchased from Roche Co 

(Indianapolis, IN), 3’-(N-methyl-anthraniloyl)-2’-deoxy-ATP (dmATP) were obtained from 

Jena Bioscience GmbH. Except where noted, the measurements were carried out using the 

following buffer (Assay buffer): 20 mM HEPES, pH 7,2, 40 mM NaCl, 1 mM MgCl2, 3 µM 

β-mercaptoethanol, 5 mM benzamidine-HCl, 20°C. 

 

Protein engineering  

 

Mutant constructs in Chapter I. were based on the TIKL construct described in (Conibear, 

NSB 2003).  This mutant Dictyostelium discoideum M761 motor domain construct consists 

of the following mutations: C49S, C312Y, C422S, C470I, C559L, C678Y. The C655 residue 

remained in the construct, since it is a structurally important, buried, non-reactive side chain. 

The introduced Cys mutations were: S416C and N537C. This construct was subcloned, as 

Trp-s were eliminated from, except for the W501, by Stratagene QuickChange Site-Directed 

Mutagenesis kit, carried out by Balázs Jelinek. 

Loop 4-mutant constructs are based on the W501+ construct published previously (39). I 

designed PCR oligonucleotide primers containing the E365Q mutation (GGT AAC ATC 

AAA TTC GAA AAA GGT GCT GGT CAA GGT GC) or the three Gly insertions instead of 

the native loop 4 sequence (AA TTC GAA GGT GGT GGT CTA AAG ACA AAA CCG 

CCG GTA ACA TCA) into the W501+ construct (mutated positions are underlined). We 

applied the W501+ construct in pDXA-3H vector as template. MD-specific downstream 

oligonucleotide primer was applied to both mutants. The PCR product was a 729-base-pair 

fragment. Bsp119I digestion of the purified PCR product resulted a 321-bp fragment. This 

was ligated into a Bsp119I digested pGEM-11Zf(+)/W501+ construct. Orientation and 

mutations were controled by sequencing. Clones which possessed the good orientation and 

contained the mutations were subcloned into modified pDXA-3H vector using BamHI sites. 

The orientation after ligation was checked by BglII digestion.  
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Expression and Purification of Proteins  

 

Dictyostelium cells were grown in HL5 medium (ForMediumTM), at 21 ºC with continuous 

shaking (120 rpm) and plasmids were electroporated as described in. Protein purification was 

carried out as described in (39) with modifications as followings: cells are harvested with 

2700 rpm 7 min in a Beckman J2-MC centrifuge and washed with PBS (140 mM NaCl, 2.7 

mM KCl, 10.1 mM Na2HPO4x7H2O, 18 mM KH2PO4, pH 7.3). Cells were lysated in Lysis 

buffer (50 mM Tis-HCl pH 8.0, 2 mM EDTA, 0.2 mM EGTA, 3 DTT, 5 mM benzamidine 

and 40 µg/ml PMSF) with ultrasound sonicator. After 1 hour incubaton on ice the lysate was 

ultracentrifuged in a Beckman L7-65 Ultracentrifuge with 55,000 rpm 60 min 4°C. Pellets 

were homogenized in Extraction buffer (50 mM HEPES pH 7.3, 30 mM K-acetate, 10 mM 

Mg-acetate, 3 mM β-mercaptoethanol, 5 mM benzamidine and 40 µg/ml PMSF) and 

ultracentrifuged again with 55,000 rpm 45 min 4°C. Pellets were than homogenized in 

Extraction buffer with additional 10 mM ATP and 10 mM MgCl2 and ultracentrifuged again 

with 55,000 rpm 60 min 4°C. Supernatant was applied to Ni-NTA (Qiagen) column and 

washed with Low salt buffer (50 mM HEPES pH 7.3, 30 mM K-acetate, 3 mM β-

mercaptoethanol, 5 mM benzamidine) and High salt buffer (50 mM HEPES pH 7.3, 300 mM 

K-acetate, 3 mM β-mercaptoethanol, 5 mM benzamidine). After set back the ionic strength 

column was washed with Low salt buffer containing 50 mM imidazol. The elution was 

carried out with 0.5 M imidazol pH 7.3 with 3 mM β-mercaptoethanol, 5 mM benzamidine. 

After purification proteins were dialyzed against Assay Buffer and were held on ice or frozen 

in liquid N2. 

Actin was purified as follows: actin powder (average 5-6 g) was washed with 20 ml/g actin 

ice cold G-buffer (2 mM Tris pH 7.7, 0.2 mM CaCl2, 0.2 mM ATP, 2 mM DTT) and was 

stirred on ice for 40 min. After stirring actin was filtered using filter paper. 2 mM MgCl2 and 

50 mM KCl were added to the filtered solution and was incubated at room temperature for 30 

min. After incubation solution was stirred on ice and KCl was added to the final concentration 

0.5 M and was stirred for more 60 min. Solution was then ultracentrifuged (40,000 rpm, 90 

min, 4°C) and pellet was homogenized in G-buffer and was dialyzed against G-buffer 2 

rounds. After dialysis solution was ultracentrifuged (40,000 rpm, 90 min, 4°C). The 

supernatant is the clear G-actin which can be dialyzed against F-buffer to obtain F-actin. 

Pyrene labeling of actin was carried out as follows: actin was dialyzed against DTT free F-

buffer (4 mM HEPES pH 7.1, 2 mM MgCl2, 3 mM NaN3) to 1 mg/ml concentration. PIA was 

solved in DMSO and was added to F-actin in 10-fold molar excess. It was vortexed 
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immediately for 30 s and was incubated on a swinging table at room temperature overnight, 

wrapped into foil. After incubation it was centrifuged briefly in a Janetzky K-23D centrifuge 

(1000 rpm, 2 min, 4°C). The supernatant was then diluted with F-buffer containing 1 mM 

DTT to 0.5 mg/ml concentration and was ultracentrifuged (40,000 rpm, 90 min, 4°C). Pellet 

was homogenized in G-buffer (2 mM Tris pH 7.7, 0.1 mM CaCl2, 0.5 mM ATP, 2.5 mM 

DTT) and dialyzed against G-buffer 2 rounds (wrapped into foil). After dialysis it was 

ultracentrifuged (40,000 rpm, 90 min, 4°C) and 2 mM MgCl2 and 100 mM KCl were added to 

the supernatant. After 30 min incubation on room temperature it was ultracentrifuged (40,000 

rpm, 90 min, 4°C) and pellet was resuspended in F-buffer with 1 mM DTT and was dialysed 

against F-buffer with 1 mM DTT 2 rounds (both overnight). After measuring the 

concentration and the labeling ratio equimolar phalloidin was added to stabilize pyrene-

labeled F-actin. 

For the in vitro motility assay actin was labeled with molar excess of tetramethylrhodamine-

isothiocyanate-phalloidin (TRITC-phalloidin, Molecular Probes). 

 

Dictyostelium discoideum (orf+ cells) genomic DNA isolation  

 

Overnight culture of 100ml orf+ cells were harvested and washed in sterile water. Cell pellets 

were resuspended in 300 µl DNA Extraction buffer (2% Triton® X-100, 1% SDS, 100 mM 

NaCl, 10 mM Tris, pH 8.0, 1 mM EDTA). Glass beads (acid washed, 425-600 µm) was added 

to the cell suspension. After 300 µl phenol:chloroform:isoamyl alcohol 25:24:1 (PCI) was 

added to the suspension (pH was check to be 7≤), it was wortexed for 30 s and shacked for 30 

min at 4°C. Lysed cells were centrifuged at 12,000 rpm for 5 min and the supernatant was 

transferred into a new tube. 5 µl RNAse A (10 mg/ml) was added and was incubated for 30 

min at 37°C. The PCI exraction was repeated and the supernatant was transferred into a new 

tube. 500 µl isopropanol was added and DNA was precipitated for 10 min at -20°C. After 

centrifugation at 12,000 rpm 10 min isopropanol was removed and pellet was resuspended in 

300 µl sterile water at 55°C. PCI extraction was repeated and centrifuged at 12,000 rpm 8 

min, and supernatant was added to a new tube. DNA was precipitated with 500 µl isopropanol 

for 10 min and centrifuged 12,000 rpm 10 min. Pellet was washed with 500 µl 70% EtOH and 

centrifuged at 12,000 rpm 8 min. Pellet was dried and resuspended in 250 µl sterile water and 

stored at 4°C. The A260/A280 ratio was 1.845 and the genomic DNA concentration was ~3 

µg/µl. 1 µl from the isolated DNA was used to a 100 µl PCR reaction.  

   



PhD Thesis – Máté Gyimesi 

 96

Motor domain constructs 

 

All of the used motor domain constructs are based on the Dictyostelium discoideum M761 

construct published in (90), which constitutes the first 761 amino acid residues of the motor 

domain end with R761. This gene is subcloned into pDXA-3H expression shuttle vector (91) 

which contains a 6-His-tag at the 3’-end of the multi cloning site, furthermore, the vector 

possesses both ampicillin and neomycin (geneticin, G418) resistance genes. 

Mutations were introduced into this construct as follows (in the order of appearance in the 

thesis): 

416C/537C: this construct is based on the low Cys background MD mutant (61) with both the 

S416C and N537C mutation.   

W501+: this single Trp containing construct was first published in (39). In this constructs all 

of the Trp-s were substituted with Phe-s except for the relay loop Trp501. The following 

mutations were introduced: W36F, W432F and W584F. 

W129+: this is a single Trp containing mutant published in (66) which contains the following 

mutations: W36F, F129W, W432F, W501F and W584F. 

E365Q: this construct is based on the W501+ with E365Q mutation. 

∆AL: this construct is based on the W501+ and the residues between E360-V368 were 

replaced by 3 Gly residues.  

F359A: this construct is based on the W501+ with F359A mutation.  

 

Steady-state fluorescence  

 

Steady-state spectra and time courses were detected in a FluoroMax SPEX-320 

spectrofluorimeter at 20°C. Excitation wavelength was 296 nm, which enabled us to excite 

tryptophans specifically without exciting tyrosines. Slits were 2 nm on both the excitation and 

the emission monochromators. Emission spectra were recorded from 305 nm to 420 nm to 

avoid detecting the direct light. We used a Hellma 105.250-QS precision cuvette with 10 mm 

light path. Time courses were recorded with the same settings on the excitation side and the 

emission monochromator was adjusted to 340 nm where the intensity changes of W501 

fluorescence were the largest. Time courses were detected by applying either tryptophan 

fluorescence or light scattering signal at 340 nm. Actomyosin association and ATP-dependent 

dissociation was followed by light scattering at 340 nm to check the effects of the mutations 

on actomyosin interaction. 3 µM MD-s were mixed with 4 µM F-actin at 20 ºC in the absence 
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of nucleotide, after rigor formation (enhanced light scatter signal) ATP was added in 3 molar 

excess. Intensity decrease referred to actomyosin dissociation and reattachment is detected 

after the ATP turnover as signal level returned.  

 

Transient kinetics  

 

Transient kinetic measurements were carried out using a KinTek-2004 stopped-flow 

apparatus that has a 1 ms dead time at the applied 15-ml/s flow rate or with BioLogic SFM-

300/400 stopped-flow fluorimeter equipped with a Mercury-Xenon Lamp. Temperature was 

kept constant at 20°C with a water circulator. Tryptophan fluorescence was measured with 2 

nm slit width at an excitation wavelength of 297 nm to select the intensity peak of the 

mercury-xenon lamp used (Hamamatsu Super-Quiet Mercury Xenon Lamp). At the emission 

side a 340 nm interference filter was applied (Corion CFS-001999 9L134) which has 

negligible self-fluorescence compared to the cutoff filters (83). Pyrene fluorescence was 

measured with 4 nm slit width at an excitation wavelength of 280 nm, and FRET emission 

was detected through a 390 nm or 400 nm long pass cutoff filter on the emission side, or 365 

nm excitation wavelength was selected and the same long pass filters were used. Light scatter 

measurements were carried out by using the 340 interference filter, and the monochromator 

was set to 340 nm at the excitation side. 

 

Acto-MD cosedimentation 

 

Samples were prepared in Assay buffer in the absence or in the presence of 5 mM ATP on 

ice. ATP was added to the samples right before ultracentrifugation. Ultracentrifugation was 

carried out with a Beckman OptimaTM TL Ultracentrifuge at 80,000 rpm, 4°C, 15 min. 100 µl 

from the total volume of 200 µl supernatants were treated with Sample buffer (200mM Tris, 

pH 6.8, 10% SDS, 5 mM β-mercaptoethanol, 20% glycerol, 0.05% bromphenolblue). Pellets 

were resuspended in 100 µl Assay buffer and were treated with 100 µl Sample buffer. After 

boiling for 5 min, all samples were run on 4-20% Tris-Glycine Gel (Invitrogen Co.) and were 

analyzed with GeneSnap and Gene Tools from SynGene softwares. 
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Actin-activated ATPase  

 

Actin-activated ATPase activity was determined with a pyruvate kinase/lactate dehydrogenase 

coupled assay as follows: 2% LDH/PK mixture, 1 mM ATP, 1 mM PEP and 200 µM NADH 

was mixed with 0.5 µM MD and different amount (0-150 µM) of F-actin. Absorbance was 

followed at 340 nm wavelength to follow the decrease of NADH which senses the releasing 

ADP in a Shimadzu UV-2101PC spectrophotometer. Buffer conditions were 5 mM HEPES, 

pH 7.2, 1 mM MgCl2 and 1mM KCl.  

 

In vitro motility assay  

 

The in vitro motility assay was carried out according to published protocols (92-95). The 

flow-through microchamber used had an internal volume of ~10 µl. First, 15 µl of the myosin 

construct (1.5 mg/ml) in Assay Buffer (AB, 25 mM imidazole-HCl, 25 mM KCl, 4 mM 

MgCl2, 1 mM EGTA, 1 mM DTT, pH 7.4) was pipetted through the microchamber and 

incubated at room temperature for 1 minute. Nonspecific binding sites were blocked by 

washing in 100 µl 0.5 mg/ml BSA in AB buffer. Actin filaments were added at a 

concentration of 70 ng/ml and allowed to bind to the myosin-coated surface for 1 minute. The 

flow-cell was then washed with 100 µl of AB buffer supplemented with an oxygen scavenger 

enzyme system (6 mg/ml D-glucose, 40 µg/ml catalase, 200 µg/ml glucose oxidase (96)) and 

100 mM β-mercaptoethanol to reduce photobleaching. Filament movement was initiated by 

the infusion of 1 mM ATP, and the motility assay was carried out at 25˚C. Filament velocity 

was measured on digitized video sequences (usually 100 frames) by user-developed Pascal 

algorithms. Typical time between the digitized frames was 2 sec. Mean velocity was 

calculated for all filaments in a field of view. The rate of actin-filament breakage was 

quantitated by measuring the total number of actin filaments as a function of time 

immediately after the initiation of motility. 

 

EPR measurements  

 

Two different EPR methods were used: 1. conventional, continuous wave (CW) EPR, which 

was described earlier (97); and 2. pulsed EPR – double electron-electron resonance (DEER) 
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EPR technique, which was recently described (98;99). The details of the DEER EPR 

measurements were the same as described previously (100). 

Cysteines were labeled with maleimide spin label (MSL, N-(1-oxy-2,2,6,6-tetramethyl-4-

piperidinyl)maleimide; (Aldrich)).  
Conventional EPR experiments were performed at 150K with modulation frequency 100 

KHz, modulation amplitude 1 G and microwave power 40 dB of 200 mW. DEER experiments 

were performed at 65 K with 16 ns π/2 pulse 4 pulse DEER sequence. 65 MHz frequency 

offset was used for ELDOR pulse. Both conventional and pulsed EPR experiments were 

performed on Bruker E680 X-band spectrometer. The DEER experiments were performed on 

Bruker E680 X/W-band pulsed EPR instrument (Bruker Spectrospin, Billerica, Mass.). All 

experiments were performed at 65 K, 2 ms shot repetition time, using 16 ns 90o pulse in an 

overcoupled dielectric resonator (Bruker, ER 4118X-MD5), with 32 ns, 180o ELDOR pulse at 

70 MHz above observation frequency.  

Nitroxide-nitroxide distances were measured by double electron-electron resonance (DEER) 

introduced by Milov (101). A spin echo (Hahn echo) is created by a two-pulse sequence at an 

observation microwave frequency νobserve selecting only molecules with given orientation to 

the magnetic field. A pump pulse at a second microwave frequency νpump is inserted between 

2nd and 3rd pulse at a variable delay time t.  As the delay time is swept between the 

observation pulses the intensity of the echo is modulated due to dipolar interactions between 

the spin resonating at νobserve and spins resonating at νpump.  Fourier Transform of the 

modulation leads to Pake pattern, which splitting is related to the spin-spin distance. 

NMR spectroscopy  
 

31P NMR spectra were collected at 101.25 MHz on a Bruker Advance 250 spectrometer using 

a 5mm inverse 1H/13C/31P/19F probehead at room temperature. The inverse gated proton 

decoupling sequence was applied with 4µs 30° pulse, 1s FID aquisition time and 1.2 s 

aquisition delay, number of scans 21000. Chemical shifts were referenced to an external 85% 

H3PO4 standard at 0.00 ppm. 

All NMR samples were prepared by mixing 0.6 µl 0.5 M Na2HPO4 solution on pH 7.5 and 

0.06 µl D2O.  

Here I acknowledge that NMR experiments were performed by Andrea Bodor at the 

Department of Organic Chemistry, Eötvös University, Budapest. 
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Appendix 
 
 

Principles of the conventional stopped-flow instrument 

 
Measurements were carried out in a 

KinTek SF-2004 or in a BioLogic SFM 

300/400 stopped-flow apparatus. 

Principles of both stopped-flow 

apparatuses are the same. The detailed 

description here is based on the KinTek 

nomenclature. 

A computer-controlled servo motor 

drive is responsible for precise and 

reproducible mixing of 2 or 3 solutions. 

Commonly 2 solutions, containing 

reactants separately in syringes A and 

C, are fired together into the mixing 

device. After mixing the solution flow into the observation cell replacing the “old” reaction 

mix with the “fresh” one, a stop syringe is used to stop the flow. This aging of the reaction 

from the mixing device and the observation cell causes the dead-time of the apparatus, which 

is commonly on the ms time-scale. The material of the cuvette enables to follow fluorescence, 

transmittance or light scattering as well, the T-shape arrangement (two PMT-s are 

perpendicular and the diode is in line) of the apparatus allows of the simultaneous detection of 

them.  

The double push mode is capable of mixing three reactants in a sequential manner from three 

separate syringes (syringe A, C and B as well). First push fires two of the reactants together 

and let the reaction age, then the second push combines the first mixture of two solutions with 

the third one, which perturb the system. The time-delay of the second push can be set in the 

computer that determines the length of the first reaction. The second mixture flows then into 

the observation cuvette. This method can be perfectly used to develop a pre-equilibrium and 

then perturb it with the third reactant. 

In both methods the temperature of all devices is set by water-circulation, which temperature 

is controlled by a thermostat. The temperature range of the experiments is limited by the heat-
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sensitivity of the reactants, since storing proteins at elevated temperature for a long while 

might denature them before the measurement. 

 

Principles of EPR spectroscopy 

Electron Paramagnetic Resonance (EPR) also called as Electron Spin Resonance (ESR) is a 

spectroscopic technique which detects species that have unpaired electrons. Large numbers of 

materials have unpaired electrons such as free radicals and transition metal ions etc. 

EPR is a magnetic resonance technique very 

similar to Nuclear Magnetic Resonance 

(NMR). In contrast to NMR, EPR detects the 

transitions of unpaired electrons in an applied 

magnetic field instead of measuring the 

nuclear transitions. Electron has also spin, 

which gives the electron a magnetic property 

known as a magnetic moment. Every electron 

has a magnetic moment s = 1/2 and spin quantum number with magnetic components ms = 

+1/2 and ms = –1/2. Magnetic moment makes the electron behave like a tiny bar. In the 

presence of an external magnetic field (B0), the magnetic moment of the electron aligns itself 

either parallel (ms = –1/2) or antiparallel (ms = +1/2) to the field. The parallel alignment 

corresponds to the lower energy state. This results in two distinct energy levels for the 

unpaired electrons and enables us to measure them when changing between the two levels. 

The unpaired electron can move between the higher and lower energy levels by absorbing or 

emitting electromagnetic radiation of 

energy. EPR spectra is generated by either 

varying the photon frequency while keeping 

the magnetic field constant (continuous 

wave (CW) EPR), or vice versa (pulsed 

EPR). Due to the Maxwell-Boltzmann 

distribution, there are more electrons in the 

lower state and therefore there is a net 

absorption of energy and this absorption can 

be monitored and converted into a spectrum. 
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Site directed spin labeling (SDSL) is the method to introduce spin labels into recombinant 

proteins by site-directed mutagenesis. Protein thiol groups specifically react with the 

functional groups methanethiosulfonate, maleimide, and iodoacetamide, creating a covalent 

bond with the amino acid Cys. Spin labels are molecular reporters that contain an unpaired 

electron. The motion of the incorporated spin label is ruled by the local environment. Spin 

labels are very sensitive to motion, which has large impact on its EPR spectrum.  

Distance measurement between two site-directed probes (when double stie-directed spin 

labeling (DSDSL) is used) in a protein is a sensitive method to determine the structure and 

dynamics of the protein regions to which the probes are bound.  

Fourier deconvolution of the dipolar broadening function for two interacting spins from the 

dipolar broadened CW EPR spectrum is used to obtain the mean distance between the two 

spins. This method can be effectively used in the range of 7.5–25 Å (102;103). 

At longer than 20 Å distances the dipole-dipole interactions between the spins are weaker 

which consequently result in a gradual loss of line broadening. Combination of DSDSL with 

pulsed EPR techniques increases the measurable distance range up to 80 Å. One of these 

methods is double electron-electron resonance (DEER), also called pulsed electron-electron 

resonance (PELDOR). This technique reveals distance information by producing a spin echo 

that is modulated with a periodicity related to the dipolar interaction. The resulting oscilations 

in the spin echo amplitude is correlated with the distances between the spins (98;104). 

EPR technique has great specificity, because 1. ordinary chemical solvents and matrices do 

not give rise to EPR spectra; 2. EPR samples are very sensitive to local environments. 

Therefore, the technique enables us to reveal the molecular structure near the unpaired 

electron giving insight into dynamic processes such as molecular motions. 
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Tables 
 



MYOSIN mutation 
Vmax (wt) 
(s-1) 

Vmax (mut) 
(s-1) 

Ratio 
(mut/wt) 

Km (wt) 
(µM) 

Km (mut) 
(µM) 

Ratio 
(mut/wt) Other 

CM-loop R397Q (a, (105)) 2.7 0.88 0.33 0.45 0.99 2.2 50% Force loss 
  R403Q (b, (106)) 11.4 2.9 0.25 10 35 3.5 Familial hypertrophic cardiomyopathy!! 

  
∆S1 (CM-loop) (a, 
(107)) 1.36 0.19 0.14 0.29 0.47 1.6 no growth. no fruiting body. no spora 

  R402A (a, (107)) 1.36 1.23 0.90 0.29 0.26 0.90 normal phenotype 
D403A (a, (107)) 1.36 0.41 0.30 0.29 0.33 1.1 normal phenotype 
Sm (chimera) (a, (108)) 9 10 1.1 80 201 2.5  
Sm-6 (V400A) (a, 
(108)) 9 9 1.0 80 24 0.3 Ala 400 plays essential role!! 
Ca (chimera) (a, (108)) 9 2 0.22 80 102 1.3 Greatly impaired development 
Ca-7 (V400A) (a, 
(108)) 9 11 1.2 80 221 2.8 Ala 400 plays essential role!! 

  
Wt-1 (A400V) (a, 
(108)) 9 1 0.11 80 26 0.33 

Greatly impaired development.  
Ala 400 plays essential role!! 

H-loop-H E531Q (a, (58)) 
Vmax/Km= 
8.6 

Vmax/Km = 
0.2 0.02 

Vmax/Km = 
28 

Vmax/Km = 
1.2 0.04 20 and 30°C. respectively (all three) 

  P536R (a, (58)) 
Vmax/Km = 
8.6 

Vmax/Km = 
1.6 0.19 

Vmax/Km = 
28 

Vmax/Km = 
4.5 0.16 drastic dec. of  Vmax 

 R562L (a, (58)) 
Vmax/Km = 
8.6 

Vmax/Km = 
1.0 0.12 

Vmax/Km = 
28 

Vmax/Km = 
7.6 0.27 E99/E100 on actin surface 

 F535A (a, (109)) - - - - - - Greatly reduced ability  to bind actin strongly 
  P536A (a, (109)) - - - - - - Greatly reduced ability  to bind actin strongly 

loop 2 
K652/K653 (AA) (c, 
(110)) 4.4 - 0 41 - 0 

1% moves, D24/D25 on actin surface, 
 no actin activation 

  
d16 (loop deleted) 
(c, (110)) 4.4 4.4 1.0 41 11 0.27   

  +3K (c, (111)) 6.5 6.3 0.97 48 3.3 0.07 motility is highly IS dependent. Kd 80% dec. 

  
M765 +6(GKK) (a, 
(112)) 2.6 7.2 2.8 102 4.1 0.04 Kd,A (acto-myosin) 99% decreased 

loop3 Chimeras (a, (113)) - - - - - - effects the off rate of actomyosin dissoc. 
Sturt loop ∆D590 (a, (114)) 1.57 1.31 0.83 0.56 0.08 0.14 Mg-ATPase activity 9 fold increased 

(Ala insertions) (a, 
(114)) 1.57 0.13-0.56 0.08-0.35 0.56 0.18-0.35 0.32-0.63 Mg-ATPase activity is the same as wt 

  Gly5 (a, (115)) 0.76 2.06 0.36 - - - 
Basal activity 16 fold increased  
(0.034 → 0.54), k-A 100 fold increased 

loop 4 R370E (c, (51)) 1.1 2.1 1.9 100 340 3.4 Loop 4 is called Cardiac loop here 
  G362A (c, (51)) 1.1 0.9 0.82 100 190 1.9   
  βS1(1.C.2) (b, (51;54)) 5.2 0.9 0.17 76 560 7.3   
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Table 1.  Comparative table of the effects of the mutations on the actomyosin interaction surfaces.  

 

Summary of the effects of mutations (named here after the papers cited) on the acto-myosin surface. Vmax and Km values corresponds to either 

actin activated ATPase activities. Experimental conditions are in the cited papers. (a) = Dictyostelium discoideum myosin II, (b) = cardiac myosin 

(from rat ventriculum  or bovine ventriculum ), (c) = smooth muscle myosin II (from chicken gizzard). 

         
ACTIN           
N-
terminal 
S1 D1H (116) 14.6 6.4 0.44 7 6  same   
  D1H/D4H (116) 14.6 1.2 0.08 7 5 same  only 20% moves 
  4Ac (117) 1.68 3.46 2.1 17.7 13.2 0.74 Kcat:  0.095 → 0.262 

  D24A/D25A (118;119)
Vmax/Km = 
0.15  

 Vmax/Km = 
0.013  0.09       2-3 fold dec. in Kd. large dec. in activation 

  D24H/D25H (120) - - -  - - -  complete loss of activation and motility 

 E93K (121) - - - - - - 
KD of acto-S1 increased  
from 12nM to 144 nM 

  
E99A/E100A 
(118;119) 

Vmax/Km = 
0.15  

 Vmax/Km = 
0.013  0.09       same as D24A/D25A 

 E99H/E100H (120) 10 - - 19 - - 

Km  and Vmax could not be assessed. 
 Play role in ATP driven sliding, 
 tendency to form boundless 

  D80A/D81A (118;119)  3  3   1.0 19.6  19.6  same  No effect 
  E83A/K84A (118;119)  3 3  1.0 19.6   19.6 same  No effect 
 E360H/E361H (120) 10 12 1.2 19 47 2.5 16 % force loss 

E363H/E364H (120) 10 - - 19 150< 8< 
KM  and Vmax are highly increased, 
22 % force loss 

  T47//G48 (122) 12.5 12.5 1.0 33 200 6.06  only 30% of the cleaved actin is mobile 



PhD Thesis – Máté Gyimesi 

 107

 

Cardiac: 361G N M K F K L K Q R E - E Q A E375 

Skeletal: 363G N M K F K Q K Q R E - E Q A E377 

Smooth: 362G N I V F K K E - R N T D Q A S376 

Dicty: 355G N I K F E K G - - A G E G A V368

 

Table 2.   Sequence alignment of loop 4  

 

Sequence alignment of loop 4 in human cardiac alpha myosin II, rabbit skeletal muscle myosin II, chicken gizzard smooth muscle myosin II and 

Dictyostelium discoideum myosin II. Bold residues are identical in all of the four isoforms. The acidic residues at position 365 according to 

Dictyostelium numbering (italic) are highly conserved in all myosin isoforms except for Schizosaccharomyces pombe (46). 



 

 

 

Table 3.   Kinetic parameters of the acto-myosin interaction in the absence and in the presence of ADP  

 

 
k-D 
(s-1) 

k+D 
(µM-1s-1) 

Kd,D
(µM)

k-A 
(s-1) 

k+A 
(µM-1s-1) 

Kd,A 
(µM) 

k-DA 
(s-1) 

k+DA 
(µM-1s-1) 

Kd,DA 
(µM) 

Kd,AD 
(µM) 

W501+ 8.2 ±0.071 1.2 ±0.033 7.1 0.047 ±0.0020 1.6 ±0.044 0.030 0.027 ±0.0021 0.22 ±0.016 0.12 33 ±1.1 
E365Q 9.8 ±0.15 2.0 ±0.023 5.0 0.057 ±0.0019 1.6 ±0.039 0.036 0.049 ±0.0020 0.17 ±0.0075 0.30 50 ±2.4 
∆AL 14 ±0.21 1.5 ±0.043 9.3 0.087 ±0.0060 1.4 ±0.026 0.064 0.077 ±0.0039 0.18 ±0.0086 0.43 37 ±1.1 
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Table 4. Summary of the rate and equilibrium constants measured in Chapter II.  

 Measured constants W129+ x Pi   
W501+.ADP x Pi   kfast,on,Pi 50.3 mM-1s-1 
Pi half sat (I=118 mM pH 6.7) 12 mM kfast,off,Pi 35.0 s-1 
Pi half sat (I=118 mM pH 7.2) 14.2 mM kfast,max,Pi 300 s-1 
Pi half sat (I=244 mM pH 7.2) 23 mM kslow 5 s-1 
kon,Pi (I=118 mM pH 6.7) 0.0048 mM-1s-1 W129+ x ATP   
kon,Pi (I=118 mM pH 7.2) 0.0036 mM-1s-1 kATP,fast 1140 s-1 
kon,Pi (I=244 mM pH 7.2) 0.0020 mM-1 s-1 kATP,slow 350 s-1 
koff,Pi (I=118 mM pH 6.7) 0.049 s-1 W129+.Pi x ATP  
koff,Pi (I=118 mM pH 7.2) 0.052 s-1 kP,off 260 s-1 
koff,Pi (I=244 mM pH 7.2) 0.055 s-1 W501+.dmADP x ATP   
kmax,Pi (I=118 mM pH 7.2) ~0.2 s-1 kobs 2.5 s-1 
Kd,app,Pi (I=118 mM pH 7.2) 14.2 mM W501+.dmADP.Pi x ATP   
W501+.Pi x ADP   kfast 5.8 s-1 
Kd,app,ADP 45 µM kslow 0.04 s-1 
Kon,ADP 0.011 µM-1s-1 Afast/Aslow 0.50 
kmax,ADP 0.2 s-1 W501+.ADP.AlF4 x PyA  
W129+.Pi x ADP   Kd, A.M*.ADP.Pi 57 µM 
ADP,half sat 15 µM 
kPD,on 1.6 µM-1s-1 
kPD,off 19 s-1 
kmax,ADP 370 s-1 
W129+.ADP.Pi   
kobs 7.5 ± 1 s-1 
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Table 5. Kinetic parameters of the reaction substeps corresponding to Scheme 7.  

a: based on W501+.ADP.AlF4 pyrene labeled actin binding experiments; b: calculated value from the thermodynamic box of Scheme 8.  

  Rate constants 
Equilibrium/dissociation 
constants 

KATP-binding
(34)  120 µM-1 (8 nM) 

kR,down-up
(40) 350 s-1  

kR,up-down
(40) 870 s-1  

KR
(40)  0.40 (2.5) 

Khydrolysis
(40)  82 (0.012)  

kDP,on <0.007 mM-1s-1   
kDP,off <0.29 s-1   
KDP (Kd,DP)   0.024 mM-1 (42 mM) 
kPD,on 1.6 µM-1s-1   
kPD,off 19 s-1   
KPD (Kd,PD)   0.084 µM-1 (12 µM) 
kP,on ~25 mM-1s-1   
kP,off 260 s-1   
KP (Kd,P)   0.1 mM-1 (10 mM) 
kD,on

(66) 1.2 µM-1s-1   
kD,off

(66) 7 s-1   
KD (Kd,D)(66)   0.17 µM-1 (5.8 µM) 
kRR,up-down 0.05 s-1   
kRR,down-up 0.15 s-1   
KRR,up-down  0.33 
Kd, A.M*.ADP.Pi

a  57 
Kd, A.M†.ADP.Pi

b  0.7 
Kd, A.M†.ADP

(ref)  0.12 
Kd, A.M

(ref)  0.03 
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