
Hidden Communication Mechanisms between Functional 

Regions of the Myosin Motor Domain 

 

Thesis by 
 

Bálint Kintses 
 

for the Degree of Doctor of Philosophy 
 
 
 

 
 

Advisor: András Málnási-Csizmadia PhD. 
 
 
 
 

 
Structural Biochemistry Doctoral Program, 

Doctoral School in Biology 
 

Program Leader: Prof. László Gráf DSc.  
Head of the School: Prof. Anna Erdei DSc. 

 
 

 
 
 
 
 
 
 
 

 
 

Eötvös Loránd University 
Budapest, Hungary 

2008 



 
Figure 3. The classic model of the 
myosin enzyme cycle proposed by Lymn 
and Taylor. ATP binding to the myosin 
cross-bridge dissociates from the acto-
myosin complex. Then in the detached 
state the myosin cross-bridge goes through 
a conformational change, of which the 
reversal movement after rebinding to actin 
causes displacement along the actin 
filament.  The original figure was 
published in Lymn, R. W., and E. W. 
Taylor, 1971 (54). 

Introduction 
 

.  

It has been known since Albert Szent-Györgyi’s work that the acto-myosin interaction 

is strong in the presence of MgADP, while in MgATP this interaction is weak. Furthermore, 

nucleotide and actin binding to myosin are antagonistic processes, and actin activates the 

enzyme cycle of myosin as an allosteric activator. These properties of the acto-myosin system 

are fundamental to the movement generation 

along the actin filament. However, it is still a 

question whether the same allosteric regulation 

stands beyond all these processes. To answer this 

question we investigated the allosteric 

communication mechanisms that synchronize the 

distant functional regions of the myosin motor 

domain.  

 

The consequences of the antagonistic 

relationship are that ATP binding causes the 

acto-myosin dissociation (step 1 on figure 1), and 

actin activates the release of the hydrolytic 

products as an allosteric activator (step 4 on 

figure 1). In spite of this fact these phenomenon 

are known for a long time the molecular 

mechanism of the allosteric communication 

between the nucleotide and actin binding sites 

has not been known. Recent structural studies 

have identified that the conformation of the 

switch 1 loop in the nucleotide binding site is 

might coupled to the conformation of the actin 

binding region. However, the action of switch 1 loop has not been investigated, yet. 

Question 1: How does switch 1 move during the enzyme cycle of myosin? Can the 

nucleotide controlled actin affinity and the antagonistic relationship of the nucleotide and 



actin binding be explained by the action of switch 1? Does the information of actin binding 

get to the lever arm though switch 1 loop (step 4 on figure 1)?   

 

In order to understand how actin activates the force generation, we should understand 

first how MgATP induces the priming of the lever arm (step 2 in Figure 1). It is known from 

the crystal structures that the priming of the lever arm is coupled with the conformational 

transition of the switch 2 loop in the nucleotide binding site. The switch 2 loop and the lever 

arm are connected to each other through the relay helix and the converter region. By in silico 

simulation a seesaw-like movement of the relay helix was identified during the priming of the 

lever arm. According to the model this movement converts the closure of the switch 2 loop to 

the rotating movement of the converter domain and the lever arm. 

 Question 2: Can it be proved experimentally that during the MgATP-induced lever 

arm priming the seesaw-like movement of the relay helix transmits the conformational change 

of the nucleotide binding site to the lever arm.  

 

Our kinetic results show that while the lever arm movement in MgATP bound form is 

a fast step equilibrium step, in MgADP.Pi, after ATP hydrolysis this movement is slower with 

four orders of magnitude, and the rate limiting step of the enzyme cycle. This slow movement 

enables actin rebinding to myosin (step 3 in figure 1) before the occurrence of significant 

futile lever arm movement in the detached state. This phenomenon presupposes a 

conformational change around the nucleotide binding site that slows down the lever arm 

movement in MgADP.Pi bound form. The analysis of the motor domain crystal structures 

showed only a single difference in MgATP and MgADP.Pi bound states: due to the ATP 

hydrolysis the Asn-475 amino acid in the relay helix rotates away, and makes a hydrogen 

bond with Tyr-573. According to this concept the new hydrogen bond blocks Tyr-573, thus it 

cannot be involved in the conformational change of the lever arm in MgADP.Pi, which slows 

down the process. 

 Question 3: Can it be proved experimentally that the Asn-475 and the Tyr-573 make a 

hydrogen bond, and the role of Tyr-573 in the fine tuning of the rate of the lever arm? 

 

The finding that the rate limiting step of the enzyme cycle is the lever arm movement 

in MgADP.Pi means that actin has to accelerate the rate of this step to activate the ATP-ase 

cycle of myosin (step 4 in figure 1). According to the currently accepted conformational 

cascade, actin binding opens the nucleotide binding site, resulting in Pi release and the 



inducement of the power stroke. However, muscle fiber and single molecule experiments 

suggest that the force generating lever arm movement precedes the Pi release.  

 Question 4: how actin binding activates the power stroke before Pi release, when it 

binds to the myosin having ADP.Pi and primed lever arm. 

 

Aims 

 
Our aim is to understand the allosteric regulations that synchronize the functional 

regions of the myosin motor domain by answering the above listed questions. We were 

interested in how the actin binding region communicates with the nucleotide binding site and 

the lever arm, because these are the less understood processes in the enzyme cycle of the 

motor domain. In order to understand the actin binding induces the lever arm movement it is 

important to have a clear picture on the conformational transitions during the ATP induced 

lever arm priming and the processes that determines its energetics.  

 

Experimental approach 
 

In order to investigate the working of the functional sites of myosin II motor domain, 

and their effects exercised on each other, we used fluorescence sensors placed in the 

functional regions of the motor domain. The received fluorescence signals were investigated 

by steady-state, equilibrium, and transient kinetic measurements. By this approach the 

fluorescent states of the observed region can be identified and the energetics of its transitions 

can be characterized. Furthermore, the effects of other functional regions on the fluorescent 

states of the observed region can be investigated, just like its effect to the others. In these 

experiments we investigate the induced transitions of the fluorescence signals by different 

nucleotides, nucleotide analogues, phosphate, Mg2+, and actin binding, in different 

experimental structure, depending on the question to be answered. We can assign our 

fluorescent states to known conformations bound different nucleotides and nucleotide 

analogues. Thus this approach complements well the static structural data, which do not allow 

us to investigate energetics.  

Furthermore, we made such motor domain mutant constructs, which perturb the 

communication between certain functional sites. The effects of the mutations were 



investigated similarly to the above described approach, in order to prove the supposed role of 

the changed side chains.  

 

Thesis 

 
I. Thesis 

 

The switch 1 loop in the nucleotide binding site is able to sense the presence of the -

phosphate by its two conformations, and the equilibrium constant between these two states 

determines the actin affinity of myosin. The received thermodynamic model, describing the 

equilibrium mechanism of switch 1, is also applicable for the nucleotide controlled 

interactions of other P-loop NTP-ases. 

  

Conclusion 

 

In order to investigate the coupling of switch 1 loop and the actin binding region, we 

introduced single tryptophan residues into the switch 1 region of myosin II motor domain and 

studied by rapid-reaction methods. We identified two functional states of switch 1 and we 

found that the equilibrium constant between these states determines the strength of the actin-

myosin interaction. It explains why depends the actin affinity on the type of the bound 

nucleotide, and the antagonistic relationship of nucleotide and actin binding. 

 

 

II. Thesis  

 

The hydrophobic cluster (F481, F482, F652) serving as a support of the relay helix is 

necessary for the movement of the relay helix, which is an experimental support of the 

seesaw-like movement of the relay helix during the priming of the lever arm. 

 

Conclusion 

 

We produced mutant Dictyostelium myosin II motor domain constructs which contain 

reduced fulcrum for the relay seesaw. The effects of the mutations on the relay movement 



were followed by a tryptophan sensor located in the relay region. The steady-state and 

transient kinetic fluorescence experiments showed that the phenylalanine fulcrum of the relay 

seesaw is necessary for the lever arm priming, which supports the structural model.    

   

III. Thesis 

 

 The Tyr-573 side chain influences the energetics of the lever arm priming and the ATP 

hydrolysis step, however, its supposed role in fine-tuning the rate of the lever arm movements 

cannot be proved by our experimental approach.  

 

Conclusion 

 

We produced a mutant Dictyostelium myosin II motor domain construct (Y573F) 

which might inhibit the supposed action of the tyrosine, and it can be checked by the use of a 

tryptophan sensor in the relay region. We found that the mutation has a significant effect on 

the equilibrium constant of the lever arm priming and that of the hydrolysis step, however its 

effect on the former equilibrium is so dramatic as the rate of the lever arm priming cannot be 

measured. Thus, the role of this tyrosine in determining the rate of the lever arm movement 

cannot be proved unambiguously. 

 

IV. Thesis 

 

Actin activates the power stroke of myosin by affecting the movement of the relay 

helix through a direct communication path from the actin binding region, and not through the 

opening of the nucleotide binding site.  

 

Conclusion 

 

By analyzing the crystal structures we found a direct communication pathway between 

the actin binding region and the relay helix that goes to the lever arm. According to our 

concept, actin activates the power stroke through this route by lifting back the relay seesaw. 

Thus the power stroke can precede the opening of the nucleotide binding site and Pi release. 
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