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II. Summary 

Abstract: 

Patrick Yves Alfred Reinke - Development and Application of Protein Crystallography Approaches for the 

Elucidation of Actin-based Modulation of Cytosolic Myosin Function 

 

Classical and state-of-the-art protein crystallographic methods were used in this study, to gain new 

structural insights into the cytoplasmic actin-myosin-tropomyosin-complex. The crystal structure of the 

fission yeast isoform of the main myosin regulator (Cdc8p) tropomyosin was solved in unacetylated and 

full length form, with the intact overlap complex found in two distinct conformers. The coiled coil 

architecture of both conformers was analyzed in detail, leading to the conclusion that Cdc8p shows 

functional segmentation. Each segment has specific properties in regard to winding and bending, which is 

necessary to adapt to the helically shaped binding surface of the actin filament. In silico acto-tropomyosin 

co-filament reconstitution was achieved with incremental molecular dynamics simulations. This model 

revealed more details of the functional segments and their specific role in binding dynamics. Furthermore, 

the structural information was used to explain a recently discovered in vivo mechanism by which 

phosphorylation leads to Cdc8p-actin dissociation. The overlap complex dynamics were explored with in 

silico methods. The molecular dynamics of Cdc8p dimer and mini-filaments have described for the 

unacetylated and acetylated form. The in silico acetylation generates a shortening of the mini-filament by 

approximately 1.6 Å per overlap complex. A shortening induced shift of actin bound Cdc8p coincides with 

observations found in literature. In addition, the first micro-crystallization protocols for various nonmuscle 

myosin isoforms were developed in this study. Fixed target serial crystallography was used to obtain first 

X-Ray Free-Electron Laser datasets of nonmuscle myosin. In general, this study laid the experimental and 

data analysis groundwork for T-jump crystallography. 
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Kurzfassung: 

Patrick Yves Alfred Reinke - Entwicklung und Anwendung von Proteinkristallographie-Ansätzen zur 

Aufklärung der Aktin-basierten Modulation der zytosolischen Myosin-Funktion 

 

In dieser Arbeit wurden klassische und modernste Methoden der Proteinkristallografie genutzt, um neue 

strukturelle Einblicke in den zytoplasmatischen Komplex von Aktin-Tropomyosin-Myosin zu bekommen. 

Dafür wurde die röntgenkristallografische Struktur vom Spalthefe Tropomyosin (Cdc8p) in voller Länge 

gelöst. Diese Struktur umfasst zwei deutlich verschiedene Konformere mit intakten 

Überlappungskomplexen. Eine detaillierte Analyse der ‚Coiled-Coil‘-Architekturen beider Konformere, 

führte zur Schlussfolgerung, dass Cdc8p eine funktionale Segmentierung aufweist. Jedes Segment hat 

spezielle Eigenschaften, bezüglich der Verdrehungs- und Biegungseigenschaften. Dies ist notwendig damit 

Cdc8p seine Struktur an die helikale Bindungsoberfläche vom Aktin Filament anpassen kann. Mit in silico 

Methoden wurde ein Model des Aktin-Tropomyosin Filaments gebaut. Das Modell zeigt weitere Details 

der funktionalen Segmente und deren Rolle in der Filament Assoziation auf. Darüber hinaus wurden die 

Strukturen zur Erklärung eines kürzlich entdeckten in vivo Mechanismus genutzt, bei dem Cdc8p 

Phosphorylierung zur Dissoziation von Aktin führt. Die molekularen Dynamiken des nicht  acetylierten- 

und acetylierten  Überlappungskomplexes wurden für Cdc8p Dimere und Mini-Filamente beschrieben. 

Nach einer in silico Acetylierung des N-Terminus von Cdc8p, wies der Überlappungskomplex im Mini-

Filament eine Verkürzung von ungefähr 1,6 Å auf. Vermutlich ruft diese Verkürzung eine Verschiebung des 

Aktin-gebundenen Tropomyosins hervor, was konform zu Beobachtungen in der Literatur ist. Für serielle 

Kristallografie wurden erstmalig Mikro-Kristallisations-Protokolle für verschiedene Myosine, unter 

anderem humanes nicht-muskuläres Myosin2, entwickelt. Darüber hinaus wurden experimentelle- und 

Analyse-Prinzipien als Grundlagen für die Laserinduzierte Temperatursprung-Kristallografie entwickelt.   

 

  



 IX 

III. Table of Content 

1 Introduction .......................................................................................................................... 1 

1.1 Protein Crystallization and X-ray Crystallography................................................................... 1 

1.2 Crystallographic B-factors ....................................................................................................... 2 

1.3 Molecular Motor Myosin ........................................................................................................ 3 

1.4 Myosin Structures and Conformational Change ..................................................................... 4 

1.5 Cardiac Myosin as Drug Target ............................................................................................... 7 

1.6 Nonmuscle Myosins ............................................................................................................. 10 

1.7 Coiled Coils - Complex Simplicity .......................................................................................... 11 

1.8 Tropomyosin – The Main Myosin Regulator ......................................................................... 13 

1.9 Fission Yeast and the Role of Cdc8p ..................................................................................... 15 

1.10 Structural Work on Tropomyosin ......................................................................................... 17 

1.11 Aims ..................................................................................................................................... 22 

2 Materials and Methods .......................................................................................................23 

2.1 Materials .............................................................................................................................. 23 

2.1.1 Chemicals ............................................................................................................................ 23 

2.1.2 Technical Devices ................................................................................................................. 25 

2.1.3 Enzymes, Proteins and Nucleic Acids .................................................................................... 26 

2.1.4 Software .............................................................................................................................. 26 

2.2 Methods ............................................................................................................................... 28 

2.2.1 Molecular Biological Methods .............................................................................................. 28 

2.2.1.1 Plasmid DNA Preparation from E.coli ......................................................................................28 

2.2.1.2 Transformation of Bacteria.....................................................................................................28 

2.2.1.3 Bacmid Prepration .................................................................................................................29 

2.2.2 Cell Biological Methods ........................................................................................................ 29 

2.2.2.1 Cultivation of Sf9Cells ............................................................................................................29 

2.2.2.2 Transfection of Sf9 Cells .........................................................................................................29 

2.2.2.3 Sf9 Virus Amplification and Test-Expression ...........................................................................29 

2.2.2.4 Protein production of NM2B-2R in Sf9 Cells ............................................................................30 



 X 

2.2.2.5 Protein Production of Cdc8p in E.coli Cells ..............................................................................30 

2.2.2.6 Protein Production of Cdc8p with Selenomethionine in E.Coli Cells .........................................30 

2.2.2.7 Protein Production of Recombinant Myosin2 in Dd ................................................................31 

2.2.3 Protein Purification and Biochemistry................................................................................... 31 

2.2.3.1 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) ...............................................................31 

2.2.3.2 Determination of Protein Concentration ................................................................................31 

2.2.3.3 Protein Purification – Non Muscle Myosin2B ..........................................................................32 

2.2.3.4 Protein Purification – Cdc8p ...................................................................................................33 

2.2.3.5 Protein purification – Dd Myosin2 ..........................................................................................33 

2.2.4 X-ray Crystallography ........................................................................................................... 34 

2.2.4.1 Conventional Crystallization of Dd Myosin ..............................................................................34 

2.2.4.2 Micro-Crystallization of Dd Myosin2 .......................................................................................34 

2.2.4.3 Conventional Crystallization of Human NM2B-2R ...................................................................35 

2.2.4.4 Micro-Crystallization of Human NM2B-2R ..............................................................................35 

2.2.4.5 Conventional Crystallization of Cdc8p .....................................................................................35 

2.2.4.6 Data Processing of Conventional X-ray Crystallography Data ..................................................36 

2.2.4.7 Data Processing of Serial X-ray Crystallography Data ..............................................................36 

2.2.5 T-Jump Crystallography ........................................................................................................ 36 

2.2.5.1 Sample Delivery .....................................................................................................................36 

2.2.5.2 Serial Crystallography Measurements ....................................................................................37 

2.2.6 Structure Solving and Refinement ........................................................................................ 38 

2.2.6.1 Molecular Replacement .........................................................................................................38 

2.2.6.2 Structure Refinement .............................................................................................................39 

2.2.6.3 Ab initio Structure Solving with SAD .......................................................................................39 

2.2.7 B-factor Analysis .................................................................................................................. 40 

2.3 Coiled Coil Structural Analysis .............................................................................................. 41 

2.3.1 2.3.1 Coiled Coil Architecture Analysis .................................................................................. 41 

2.3.2 Overlap Complex Angle Analysis ........................................................................................... 43 

2.4 Molecular Dynamics Simulations.......................................................................................... 44 

2.4.1 Molecular Dynamics Simulation of Individual Cdc8p Dimer ................................................... 44 

2.4.2 Molecular Dynamics Simulation of Cdc8p Mini-filaments ...................................................... 44 

2.4.3 In silico Acto-tropomyosin co-Filament Reconstitution ......................................................... 44 

3 Results .................................................................................................................................46 

3.1 Protein Purification .............................................................................................................. 46 



 XI 

3.1.1 Protein Purification Dd Myosin2 ........................................................................................... 46 

3.1.2 Protein Purification Human NM2B-2R .................................................................................. 46 

3.1.3 Protein Purification Cdc8p .................................................................................................... 46 

3.2 Crystallization & X-ray Crystallography Experiments ............................................................ 47 

3.2.1 Conventional X-ray Crystallography ...................................................................................... 47 

3.2.1.1 Cdc8p Crystallization ..............................................................................................................47 

3.2.1.2 Cdc8p Data Collection ............................................................................................................48 

3.2.1.3 Cdc8p Structure Building and Refinement ..............................................................................50 

3.2.1.4 Dd Myosin2 Crystallization .....................................................................................................51 

3.2.1.5 Dd Myosin2 Data Collection and Analysis ...............................................................................52 

3.2.1.6 Human NM2B-2R Crystallization.............................................................................................53 

3.2.1.7 Human NM2B-2R Data Collection and Analysis .......................................................................53 

3.3 Serial X-ray Crystallography .................................................................................................. 54 

3.3.1 Dd Myosin2 Micro-Crystallization ......................................................................................... 54 

3.3.2 Human NM2B-2R Micro-Crystallization ................................................................................ 55 

3.3.3 Initial T-Jump Experiments ................................................................................................... 56 

3.3.3.1 Dd Myosin2 pink beam crystallography ..................................................................................56 

3.3.3.2 Lysozyme as Initial Test Target ...............................................................................................56 

3.3.3.3 Human NM2B-2R XFEL serial crystallography..........................................................................58 

3.4 Cdc8p Structure Analysis ...................................................................................................... 59 

3.4.1 Structure Analysis of Cdc8 – Basic Features .......................................................................... 59 

3.4.2 Residue Interactions of the Overlap Complex ....................................................................... 59 

3.4.3 Role of the Central Bandshift Heptad Break .......................................................................... 62 

3.4.4 Coiled Coil Architecture Analysis .......................................................................................... 63 

3.4.5 Aromatic Heptad Cores ........................................................................................................ 68 

3.4.6 Molecular Dynamics Simulation and in silico Acetylation ...................................................... 68 

3.4.7 Residue Interaction of Unacetylated and Acetylated Cdc8p Overlap Complex ....................... 71 

3.4.8 Acto-tropomyosin Co-filament Model .................................................................................. 74 

3.4.8.1 Residue Interactions of Actin Binding .....................................................................................74 

3.4.8.2 Model Architecture – Interhelical Radius ................................................................................75 

3.4.8.3 Model Architecture – Local Staggering Angle ..........................................................................78 

3.4.8.4 Model Architecture – Filament Curvature ...............................................................................79 

3.4.8.5 Model Architecture – Local twisting .......................................................................................79 

4 Discussion ............................................................................................................................81 



 XII 

4.1 Cdc8p Structure & Architecture ............................................................................................ 81 

4.1.1 Central Bandshift Heptad Break and Flexible Flanking Regions .............................................. 82 

4.1.2 How Twisting and Bending Faciliates Actin Binding – a Sequence to Function Relationship ... 83 

4.1.3 Aromatic Joints .................................................................................................................... 85 

4.1.4 Geometric Maxima of Unacetylated Tropomyosin Overlap Complex ..................................... 86 

4.1.5 In silico Acetylation of Cdc8p ................................................................................................ 86 

4.1.6 Proposed Off Switch Function of Arginine 130 Leads to Cdc8p Disassembly .......................... 88 

4.1.7 Structural Explanation of Temperature Sensitive Mutations ................................................. 89 

4.2 Myosin T-jump crystallography ............................................................................................ 90 

5 Appendix ..............................................................................................................................92 

5.1 Literature .............................................................................................................................. 92 

5.2 Supplemental Figures and Tables ....................................................................................... 106 

5.3 List of Publications.............................................................................................................. 110 

5.3.1 Publications ....................................................................................................................... 110 

5.3.2 Manuscripts in preparation ................................................................................................ 110 

5.4 Abbreviations ..................................................................................................................... 112 

5.5 List of Figures...................................................................................................................... 115 

5.6 Curriculum Vitae ................................................................................................................. 117 

5.7 Declaration ......................................................................................................................... 118 



Introduction 
 

1 
 

1 Introduction 

1.1.1.1.1 Protein Crystallization and X-ray Crystallography 

The history of protein crystallography reaches 180 years back and has developed into one of the most 

important fields within the medical and biological sciences (McPherson, 1991). It began in 1840 when 

Hünefeld unknowingly reported for the first time about protein crystals in blood smears (Hünefeld, 1840). 

These hemoglobin crystals are a well-known phenomenon today (Araújo et al., 1999). The identification 

of the macromolecule class now known as proteins, took several more decades and was first described by 

Osborne (Osborne, 1909). During this period (1912 to 1914) Max von Laue solved the first salt crystal 

structures using the newly developed method of X-ray crystallography (Friedrich, Knipping & von Laue 

1912). This pioneering work led to a Nobel Prize and induced a century long cascade of revolutionary 

findings. For decades the technique of X-ray crystallography was the motor of structural biology, leading 

to over 140,000 protein structures (Berman et al., 2000; RSCB.org). At the end of the 1980s, 3D-NMR 

spectroscopy of proteins expanded structural research at the atomic level by providing a means to resolve 

protein structures in solution (Oschkinat et al., 1988). However, the NMR-based techniques are only 

adequate for relatively small proteins and remained a niche, comprising less than 1% of the structures in 

the protein database today (RSCB.org). At the beginning of this millennium, the development of powerful 

new instruments and tools for cryo-electron microscopy (cryo-EM) led to an explosive increase in the 

elucidation of structures with near atomic resolution of large protein complexes.  However, X-ray 

crystallography remains up to now the dominant technique in structural biology. One particular strength 

of X-ray crystallography is the wide range of protein sizes that is experimentally accessible.  The structures 

of small peptides as well as those of megadalton complexes can be determined with atomic resolution 

using X-ray crystallography (Seidler et al., 2019; Charmolue & Rousseau, 1991; Eyler et al., 2019). 

Nonetheless, it is important to keep the limitations of X-ray crystallography in mind. The most important 

of these limitations is the requirement to obtain well-diffracting crystals of the protein or complex of 

interest. Another limitation is the non-native crystalline environment, which can affect any parts of a 

protein structure (Harkey et al., 2019). This aspect is important for drug design approaches and for 

resolving catalytic cycles of proteins associated with strong conformational changes. Conventionally, X-ray 

crystallography experiments are performed with single crystals in a cryo-stream. Within the framework of 

the development of extremely high-energy sources such as XFEL light sources, room temperature 

crystallography is a key approach for carrying out series of single-crystal diffraction experiments  (Chapman 

et al., 2011; Gaffney & Chapman, 2007; Starodub et al., 2008). Micro crystallization approaches in 



Introduction 
 

2 
 

combination with highly intense X-ray pulses, led to the “measure and destroy” technique (Figure 1) 

(Chapman et al., 2011). Randomly oriented crystals exposed to high-energy X-ray pulses scatter the 

incident light efficiently before the radiation damage causes them to be destroyed  (Lomb et al., 2011). 

Radiation damage increasingly appears at high energy ranges above 20 kiloelectronvolts (keV) and is 

primarily the result of photoionization of the electron K-shell (Lomb et al., 2011). This effect is caused by 

Auger-Meitner electrons of low-Z-atoms (Auger, 1923; Meitner, 1922). 

 

Figure 1: Scheme of XFEL-crystallography measurements. The “measure and destroy”-approach disintegrates single crystals 
delivered by a liquid jet. Femtosecond snapshots with small radiation damage can be achieved with ultra-short X-ray pulses 
(image from Chapman et al., 2011). 

1.2 Crystallographic B-factors 

Crystallographic protein structure models show fixed atomic positions in 3D space. These positions 

correspond to actual averaged coordinates fitted into crystallographically measured electron densities 

that reflect the vibrational nature of the atoms around their equilibrium position and changes in local 

disorder in the crystals. This uncertainty in atomic position of the model in context of the electron density 

is described by the crystallographic B-factor (Carugo, 2018; Rupp, 2009; Trueblood et al., 1996). Therefore, 

the exact definition of the B-factor relates the root-mean-square amplitude of atomic oscillation (u) 

around the equilibrium position: 

Equation 1:   B = 8π²u²    (Rupp, 2009) 

In experiments, the B-factor is mainly influenced by the atomic form factor 𝑓𝑂: 
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 Equation 2:   𝑓𝐵 = 𝑓𝑂 ∗ e(𝐵 • 𝑠𝑖𝑛²𝜃𝜆2 )
   (Rupp, 2009) 

θ corresponds to the diffraction angle and λ to the experimental wavelength. The correct use of the B 

factor remains controversial, as it can lead to erroneous interpretations of structures (Carugo, 2018; 

Korostelev & Noller, 2007; Merritt, 2012; Tronrud & IUCr, 1996). The B-factor’s correlation with local 

macromolecule dynamics has been discussed by Schneider and colleagues (2014). In this study the B-

factors determined for hundreds of biological macromolecules were correlated with protein dynamics. 

This revealed that the local polymer and water dynamics change greatly depending on the chemical 

environment. Buried residues with manifold interaction possibilities showed a very narrow distribution in 

in regard to their B-factor. In contrast, solvent exposed amino acids showed a wide distribution of 

displacements. Intermediate distributions of the B-factor were observed in the region of protein-protein 

contacts. The study demonstrated the importance of z-score-based normalization of B-factors and 

suggested that B-factors should be scaled based on the average B-factor (Schneider et al., 2014). 

Commonly, this type of B-factor normalization can be achieved using the following equation: 

 Equation 3:  Bx-zscore(i) = [Bx(i) – {B}(i)] / s(i)   (Schneider et al., 2014)  

In this context Bx(i) is the B-factor of atom or residue “x” and {B}(i) is the arithmetical average of all B-factors 

in one structure (i). For an additional scaling the standard deviation s(i) is included. This normalization can 

be extended to a unified scaling for the B-factors of several crystal structures: 

 Equation 4:  Bx-scaled(i) = 99*[Bx(i) – Bmin(i)] / [Bmax(i) – Bmin(i)] + 1 (Schneider et al., 2014) 

Here, the definition remains valid that Bx(i) is the B-factor of atom or residue “x” in structure (i). In addition, 

Bmin(i) is the overall minimum B-factor of all structures and Bmax(i) is the maximum B-factor of all structures.  

1.3 Molecular Motor Myosin 

Living cells use molecular motors for multitudinous purposes, with intracellular transport leading the way 

but also cell morphology maintenance and cell locomotion. The function and localization of these motors 

is astonishingly diverse and encompasses several protein superfamilies. Molecular motors include 

membrane embedded motors like the F1-ATPase, microtubule-dependent motors like dynein and kinesin 

family proteins and the members of the myosin superfamily that move along actin filaments (Barton & 

Goldstein, 1996; Gibbons et al., 1994; Martin et al., 2018; Sellers, 2000). The superfamily of myosin motors 

is extremely diverse (Kollmar & Mühlhausen, 2017). Based on sequence analysis, it was estimated that 

eukaryotic life harbors at least 79 distinct myosin classes (Kollmar & Mühlhausen, 2017; Odronitz & 

Kollmar, 2007). The human genome encodes 39 myosins, which can be organized in 12 classes (Berg et al., 
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2001) (Figure 2). Class 2 myosins, also called “conventional myosin”, are divided in two subclasses. The 

first is the subclass composed of skeletal and cardiac muscle myosins, whose members are organized in 

sarcomeres and are responsible for muscle contraction (Zhang & Li, 2017). Cardiac myosin is encoded by 

the MYH7 gene and is the driving force in our heart and is a main drug target for myopathy related diseases 

(Palmer, 2005). Secondly, the second subclass comprises smooth muscle myosin (MYH11) and the three 

nonmuscle myosins (MYH9, MYH10, MYH14,Figure 2). Nonmuscle myosin2s (NM2s) can be found 

ubiquitously in muscle and nonmuscle cells (summarized by Heissler & Manstein, 2013). 

 

Figure 2: Family tree of human myosin genes generated with maximum likelihood approach (adapted and modified from Zhang 
& Li, 2017). Conventional myosin at the bottom side, encompassing two subgroups: (i) Skeletal and cardiac muscle myosins (ii) 
Smooth and Nonmuscle myosins (including NM2B). Bottom right legend describes myosin visualization, Phylogenetic tree is 
generated with maximum likelihood. 

1.4 Myosin Structures and Conformational Change 

X-ray crystallographic access to near-atomic myosin motor domain structures was firstly obtained in the 

1990s by resolving the structures of chicken skeletal myosin subdomain-1 and the motor domain of 
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Dictyostelium discoideum (Dd) myosin2 (Fisher et al., 1995, 1995, PDB: 1MND, 1MMD; Rayment et al., 

1993; Smith & Rayment, 1995, PDB: 1MNE, 1VOM). These structures delineate the basic features of the 

generic motor domains of all myosins: four structural subdomains, built around a central β-sheet with 

seven strands belonging to the upper 50 kDa (U50) and lower 50 kDa (L50) domains (Figure 3a-b, also 

known as transducer).  

 

Figure 3: The myosin motor structure. a) The structure of nonmuscle myosin2C (PDB 5I4E) as cartoon representation. The color 
code is: U50 is red, L50 is yellow, N-terminal domain is blue, and the converter is purple. Post-converter neck is green. b) The 
topographical view of myosin2 after Preller & Manstein (2013). c) Linear representation of the four motor domains and the tail 
domain. 

The central β-sheet is serving as backbone and transducer element (Rayment et al., 1993; Sweeney & 

Houdusse, 2010). It is directly connected to the active center and ATP binding site, including three loops 

directly involved in powerstroke conduction, which are analog to related G-protein switches (Goody & 

Hofmann-Goody, 2002; Reubold et al., 2003). The powerstroke is triggered by changes in the active site 

associated with nucleotide binding, hydrolysis and product release and is amplified via the relay helix, the 

transducer, and the SH1-helix to the converter domain resulting in a ~60° rotation of the attached rigid 

lever arm (Mesentean et al., 2007). The N-terminal domain, which corresponds to a SH3-like domain in 
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the case of conventional myosins, shows the least degree of conservation.  In class I myosins this domain 

is mainly missing. Other classes show diverse characeristics at the N-terminus (Greenberg et al., 2015; 

Novak & Titus, 1998; Rayment et al., 1993; Sellers, 2000). 

The myosin motor is powered by the hydrolysis reaction of ATP to ADP and inorganic phosphate, thus 

converting stored chemical energy into directed force and movement (summarized by Sellers, 2000) 

(Figure 3 and Figure 4). Nucleotide-free myosin can bind ATP. The hydrolysis of ATP produces ADP and 

inorganic phosphate and leads to an incremental increase in actin-affinity. Actin binding induces a cascade 

of further conformational changes leading to an opening of a phosphate release tunnel (Houdusse & 

Sweeney, 2016; Reubold et al., 2003). The phosphate release associated powerstroke is a result of 

transducer-mediated straightening of the relay helix, leading to the ~60° converter and lever arm rotation. 

Post-powerstroke changes in the transducer lead to ADP release and and transition into the rigor-state 

actin bound conformation (Houdusse & Sweeney, 2016). Upon rebinding of ATP and the ensuing 

detachment from actin, and the lever arm is repositioned and a new round of the ATPase cycle is initialized. 

Structural information of actin-bound myosin states like strongly-bound and rigor are experimentally 

accessible by cryo-EM (von der Ecken et al. PDB: 5JLH, 2016; Mentes et al., 2018 PDB: 6C1D, 6C1G, 6C1H), 

whereas states of the recovery stroke are defined by crystal structures with different pre-powerstroke 

conformations. Typically, these pre-powerstroke (pps) transition conformations are trapped with 

aluminum fluoride (AlF4), beryllium fluoride (BeFX), and vanadate (VO3 and VO4). These compounds, bound 

together with ADP, mimic the gamma phosphate of ATP during different stages of the hydrolysis reaction 

(Fedorov et al., 2009; Fisher et al., 1995; Ponomarev et al., 1995; Smith & Rayment, 1995). There are two 

known derivatives of the vanadate ion: on the one hand the trigonal bipyramidal ortho-vanadate and on 

the other hand the tetragonal meta-vanadate. The tetragonal meta-vanadate is covalently bound to the 

β-phosphate of ADP, resembling the ATP compound except of slightly reduced bond-length (Fedorov et 

al., 2009, PDB: 2JJ9). However, Ortho-vanadate mimics the transition state of γ-phosphate cleavage from 

ATP. 



Introduction 
 

7 
 

 

Figure 4: The ATPase cycle of myosin, after Preller & Manstein (2013, modified and updated). Colored models represent 
structural accessible conformations with X-ray crystallography and cryo-EM (Mentes et al., 2018; Preller & Manstein, 2013). Pre-
powerstroke actin bound structures are not accessible yet, hence the uncolored representation. Actin filament is represented 
in space-fill mode and is colored orange and tan. Myosin is represented in blue cartoon with bound light chains in green and 
magenta. The nucleotide is represented in spheres with standard atomic color code. 

 

1.5 Cardiac Myosin as Drug Target 

As key component in both the cytoskeleton and muscle sarcomere, myosin is associated with numerous 

diseases (reviewed by Hartman & Spudich, 2012). Cardiac myosin (MYH7, β-cardiac myosin) is found in the 

sarcomeres of myofibrils. MYH7 mutations have been linked to serious pathologies like hypertrophic or 

dilated cardiomyopathies (HCM and DCM, reviewed by Spudich, 2014). An estimated 31.8% of all death in 

the world are related to cardiovascular diseases, with the prevalence of HCM alone at 1 in 500 people 
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(Ritchie, 2018; Spudich 2014; Moore et al., 2012). The effects of mutations leading to familial hypertrophic 

or dilated cardiomyopathies have almost exclusively been interpreted in terms of mutation-associated 

changes in the efficiency of myosin cross-bridge kinetics and mechanics. Mutations in β-cardiac myosin 

leading to enhanced contractility were originally linked to HCM, whereas those displaying reduced 

contractility were linked to DCM (Moore et al., 2012; Spudich, 2014). However, recent associations mark 

a reduction in the folding stability of mutant myosin, with a crucial role in the pathophysiology of cardiac 

diseases leading to heart failure (Preller & Manstein, 2013; Radke & Taft et al., 2014). Heart failure is a 

result of the accumulation of myosin heads with compromised folding, which tend to stay bound to the 

actin filament creating roadblocks (Wustman et al., 2014; Radke & Taft et al., 2014). These roadblock 

myosin heads interfere with the calcium regulation implemented by the troponin-tropomyosin-complex 

in muscle sarcomeres (Marston, 2018). One therapeutic option for restoring normal contractile function 

is the use of pharmacological chaperones, small molecules that help to fold and stabilize the myosin motor 

domain. In recent years several small molecules were described, which can serve as myosin activator, 

increasing the force output of myosin head populations (Radke & Taft et al., 2014; Teerlink, 2009). These 

activating and stabilizing effects were observed for β-cardiac myosin and Dd myosin2. The affinity of EMD 

57033 to cardiac myosin was determined to be 7.3 ± 1.9 µM and to Dd myosin2 23 ± 7 µM. Class I myosins 

lacking an N-terminal domain did not show any interaction in MST measurements. In vivo studies with 

EMD 57033 showed an increase in force generation at the cellular level (Radke & Taft et al., 2014). In the 

context of a living mammal with tachycardia-induced heart failure, injection of EMD 57033 results in 

improved contractility (Senzaki et al., 2000). First structural insights into the working mechanism of a 

myosin activator were derived from crystal structures of cardiac myosin with bound Omecamtiv mecarbil 

(OM) (Planelles-Herrero et al., 2017 PDB: 5N69; Winkelmann et al., 2015, PDB: 4PA0). In the pre-

powerstroke state, bound OM does not alter the myosin structure significantly (PDB: 5N69), but stabilizing 

the lever arm and converter in a primed position, resulting in accumulation of activated motor heads 

(Planelles-Herrero et al., 2017). In Figure 5 the two myosin conformations “pre-powerstroke” and “rigor-

like” are depicted with known small molecule ligands (summarized in Table 1). In general, one can observe 

that all myosin ligands are localized in interdomain regions, with the exception of Ammosamide 272 with 

a binding site in the L50 domain, which could be a non-functional secondary binding site (Chintalapudi et 

al. unpublished). For the myosin activator OM two different states of the myosin ATPase cycle have been 

solved, while the myosin activating properties are still discussed (rigor-like PDB: 4PA0, pps PDB: 5N69; Kieu 

et al., 2019; Obata et al., 2019; Planelles-Herrero et al., 2017). In both conformations OM interacts with 

residues in the U50, L50, and converter. To resolve binding sites of µM affinity ligands in the context of 
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myosin structures, it is beneficial to co-crystallize various trapped states with the target ligand, due to the 

significant differences in conformations of this mechanical active motor protein (Frye et al., 2010). 

 

Table 1: Small molecule ligands of myosin. An overview of myosin structures with small molecule ligands in the PDB database. 

Myosin Organism State Molecule PDB Source 

β-cardiac 

myosin 

Bos taurus pps OM 5N69 (Planelles-Herrero     

et al., 2017) 

β-cardiac 

myosin 

Homo sapiens rigor OM 4PA0 (Winkelmann             

et al., 2015) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BIT 1YV3 (Allingham                   

et al., 2005) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BL6 3BZ7 (Lucas-Lopez               

et al., 2008) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BL6 3BZ8 (Lucas-Lopez               

et al., 2008) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BL7 3BZ9 (Lucas-Lopez              

et al., 2008) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BIT 3MJX Fedorov, Böhl,            

et al., 2009) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BIT 3MYH (Frye et al., 2010) 

myosin2 Dictyostelium 

discoideum 

pps Blebbistatin-BIT 3MYK (Frye et al., 2010) 

myosin2  Dictyostelium 

discoideum 

post-rigor Blebbistatin-BIT 3MYL (Frye et al., 2010) 

myosin2 Dictyostelium 

discoideum 

pps Tribromodichlorpseudilin 2XO8 (Preller et al., 2011) 

myosin1 Fusarium 

graminearum 

pps Phenamacril 6UI4 (Zhou et al.,            

unpublished) 

myosin2 Dictyostelium 

discoideum 

pps Ammosamide 272 4AE3 (Chintalapudi et al.,   

unpublished) 
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Figure 5: Myosin and small molecule ligands. Left: Myosin in pre-powerstroke conformation (PDB: 5N69) as cartoon model with 
following color code: Red U50, yellow L50, blue N-terminal domain, purple converter, green lever arm, orange calmodulin 
(Planelles-Herrero et al., 2017). As ball and stick model the known small molecule interaction ligands of myosin from table 1.5. 
Right: Myosin in rigor-like conformation (PDB: 4PA0) with bound Omecamtiv mecarcbil (Winkelmann et al., 2015). 

1.6 Nonmuscle Myosins 

To obtain detailed information about myosin ligand binding sites via X-ray crystallography, two strategies 

can be pursued: (i) co-crystallize or soak with myosin in the presence of stable nucleotide analogues that 

“freeze” the motor in discrete states of the ATPase cycle or (ii) use different isoforms and crystal packings 

for co-crystallization or soaking experiments. So far, it was described that EMD 57033 binds with 

micromolar affinity to β-cardiac myosin and Dd myosin2 (Radke & Taft et al., 2014). However, EMD 57033 

also binds to other isoforms of conventional myosin with high affinity, for instance to the structural well 

characterized NM2s (demonstrated by the Manstein lab, Dr. Theresia Reindl, unpublished). The structure 

of the nonmuscle myosin2B (NM2B) motor domain in the rigor-like state was solved using a chimeric 

protein construct with artificial lever arm (Münnich et al., 2014, PDB: 4PD3). The structure of nonmuscle 

myosin2C (NM2C) with artificial lever arm construct was solved in the pre-powerstroke conformation 

(Chinthalapudi et al., 2017, PDB: 5I4E). The artificial lever arm contains two α-actinin repeats and is 

positioned directly after the converter, leading to enhanced crystallization properties (Kliche et al., 2001). 

All three NM2s show a sequence identity of 60-80% at the protein level. They show differences with 

respect to their cellular localization and fulfill highly specific tasks (summarized by Sellers & Heissler, 2019). 

Nonmuscle myosin2B and -2A (NM2A) are the predominant NM2 isoforms in the cytoplasm, constituting 

key components of the actin-based cytoskeleton and controlling cell morphology (Swailes et al., 2006). 

Both isoforms have been implicated in cancer and lung disease. Disease causing mutations are found 

distributed over the whole protein and are not specifically localized at the motor domain (Nakasawa et al., 

2005; Sellers & Heissler, 2019). As mentioned before, a common feature of conventional myosins is the 

long α-helical tail, which forms homodimers in a coiled coil fashion (Nakasawa et al., 2005; Ronen & Ravid, 
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Figure 7: Coiled coil structure and heptad breaks. The Figure is adapted by Truebestein & Leonard, 2016 a) An ideal coiled coil 
segment with indicated pitch length (black) and coiled coil axis (red). b) Cross section of a coiled coil with indicated heptad 
repeat. Blue and orange represent the hydrophobic core and ionic stabilizer are shown in red, after Mason & Arndt, 2004, 
modified. c) A mathematical ideal coiled coil, build with CCbuilder Mk.2 (Wood & Woolfson, 2018). d) One helix of the canonical 
helix from “c” with indicated a- and d-band (colored α-carbons). e) An example for a skip heptad break, the GREA transcript 
cleavage factor. PDB: 1GRJ (Stebbins et al., 1995). f) An example for a stammer heptad break, the oligomerization domain of 
bacterial chromatin-structuring protein H-NS. PDB: 1LR1 (Esposito et al., 2002). g) An example for a stutter heptad break, the 
heterocomplex of coil 2B domains of keratin 5 and 14, PDB: 3TNU (Lee et al., 2012) h) The heptad patterns, insert count, and 
PDB-codes of respective structures above. 

Stutters appear by insertion of four heptad pattern residues, which also can be described as the deletion 

of three residues. The presence of an incomplete heptad repeat leads to underwinding of the coiled coil, 

which results in significantly increased local pitch length (Brown et al., 1996, Figure 7g). Stammers on the 

other hand are a result of the insertion of three residues (or respectively the deletion of four residues), 

leading to an overwinding effect. This is reflected by the significant decrease in local pitch length (Brown 

et al., 1996, see Figure 7f). Another well-known heptad break is the heptad skip, which corresponds to the 

insertion of one or alternatively the deletion of six heptad residues. The skip heptad break was formerly 

described as double stutter, due to the mathematical equivalence, but result typically in stronger 

overwinding (Brown et al., 1996, see Figure 7e). These examples show that the allegedly simple blueprint 

for coiled coils proves to be quite intricate and provides ample flexibility to support a wide variety of 

structures and functions. In addition to dimeric coiled coils, multi-meric specimens with up to seven chains 

have been found (Crick, 1952; Liu et al., 2006; Woolfson, 2017). The specific function of the respective 
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proteins in the context of the cell demonstrates a high variability, as they can appear as “rods, segmented 

rods, barrels” and much more (Lupas et al., 2017). The length of coiled coil repeats can vary between two 

and up to 40 heptad repeats (Lupas et al., 2017). The longest known coiled coils are associated with 

members of the myosin2 subfamily and tropomyosin family (Bailey, 1946; Geeves et al., 2015; Hitchcock-

DeGregori & Barua, 2017). 

1.8 Tropomyosin – The Main Myosin Regulator 

Tropomyosin is an actin-decorating coiled coil protein, assembling along the major groove of actin 

filaments. Some mammalian isoforms exhibit up to 40 nearly perfect and non-interrupted heptad repeats. 

Tropomyosin displays a pseudo-repetitive pattern every 40 residues, including a negatively charged patch 

flanked by positively charged residues (Parry, 1975; Phillips et al., 1986; Smillie, 1979; von der Ecken et al., 

2015; Whitby & Phillips, 2000). Cryo-EM structures of the acto-tropomyosin co-filament revealed the 

importance of actin residues K325 and K327 (for cytosolic actin Hs ACTG1, Uniprot database: P63261) for 

the interaction with tropomyosin. These lysines form a positively charged patch on actin filament surface, 

serving as interaction partner for the pseudo-repetitive negative patches of tropomyosin (Parry et al., 

1975; Smillie, 1979; Whitby & Phillips, 2000, von der Ecken et al., 2015 and 2016). The exact binding 

residues of tropomyosin to filamentous actin remain unresolved, due to the averaging of the pseudo-

repeats in single particle cryo-EM experiments (von der Ecken et al., 2015 and 2016).  

Tropomyosin coiled coil dimers can homo-polymerize via head to tail contacts. Whereas positively charged 

residues are predominant in the N-terminal region, the C-terminal region exhibits an inverted charge 

pattern (Greenfield et al., 2006; Palm et al., 2003). The resulting electrostatics-driven overlap complexes 

have been studied using nuclear magnetic resonance spectroscopy (NMR spectroscopy) and X-ray 

crystallography experiments (Frye et al., 2010; Greenfield et al., 2006; Greenfield et al., 2009; Murakami 

et al., 2008).  

Tropomyosin is generally regarded as an essential regulator of the cytoskeleton. It has been observed that 

different isoform populations are associated with distinct tissues or compartments, fulfilling various 

regulatory tasks (Gateva et al., 2017; Gunning et al., 2015). In the context of animal cells, tropomyosin 

appears to play a critical role in supporting the diversification and specialization of actin-based filamentous 

structures (Gunning et al., 2015). Actin-tropomyosin co-filaments enter direct and indirect interactions 

with a wide range of actin binding proteins (Hitchcock-DeGregori & Barua, 2017). In muscle cells, the exact 

position of tropomyosins on actin filaments is regulated by the troponin complex in the context of calcium 

regulation. After the release of calcium into the sarcomere, the ensuing conformational changes in the 
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troponin complex induce a shift in the position of tropomyosin on F-actin from the A-state to the M-state. 

This allows the myosin of thick filaments to interact productively with the actin-based thin filaments. 

Calcium activation leads thereby within milliseconds to muscle contraction (Gordon et al., 2000; Moore et 

al., 2016). While the human genome encodes more than forty tropomyosin isoforms, in budding yeast only 

two tropomyosin isoforms were identified, while fission yeast possesses a sole isoform, Cdc8p (East & 

Mulvihill, 2011; Pruyne, 2008; Balasubramanian et al., 1992). N-terminal acetylation is an important post-

translational modification with a high impact on the cellular function of tropomyosin (Johnson et al., 2010). 

It enables some mammalian isoforms and fission yeast tropomyosin to bind with higher affinity to actin 

(Hitchcock-DeGregori & Heald, 1987; Monteiro et al., 1994). It has been proposed that acetylation 

promotes a higher head to tail affinity during oligomerization, but detailed structural knowledge of this 

mechanism is lacking (Brown et al., 2001; Greenfield et al., 2006).  

 

Figure 8: Cryo-EM structure of the acto-tropomyosin-myosin complex. Near atomic resolution structure resolved actin and 
myosin at 3.9 Å (von der Ecken, et al., 2016). The Tropomyosin is resolved at a resolution limit of 8 Å, due to averaging of pseudo-
repetitive actin binding cluster.  
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1.9 Fission Yeast and the Role of Cdc8p 

Fission yeast is a well-described model system with respect to tropomyosin and acetylation dynamics. 

Approximately 80% of the Cdc8p in the fission yeast cell is N-terminally acetylated, which is essential for 

cellular functions like cytokinesis (Skoumpla et al., 2007). It was demonstrated, that all Cdc8p involved in 

the Cytokinetic Actomyosin Ring (CAR) is acetylated and acto-tropomyosin co-filaments in cytoplasmic 

bundles are non-acetylated (Coulton et al., 2010). Single point mutations, which destabilize the Cdc8p 

structure, show cytokinesis-inhibiting effects when the temperature exceeds a certain threshold (Johnson 

et al., 2018). The CAR structure of fission yeast is well-characterized, driven by recent progress in cryo-EM 

Figure 9: Acto-tropomyosin co-filaments in context of the SpCAR. a) - c) from Swulius et al., 2018, Figure 4 (modified), 
d) and e) from Wollrab et al. 2016. Figure 1h + 3f (modified). a) Scheme of a Schizosaccharomyces pombe cell with contractile 
ring, including a close-up. b) Tomographic reconstruction of CAR segment. Acto-tropomyosin co-filaments in orange, and 
membrane in cyan. Black arrows point on filament termini. c) Top view of the same segment, scale bar applies for both 
sections. d) Time-resolved closure of CAR in Schizosaccharomyces pombe. Diameter is indicated as black graph and closure 
speed as blue graph. e) The spCAR labeled with fluorescent tagged myosin complex (Rlc1-mCherry). An arm-like extension 
of actomyosin is indicated by the white arrow. Over time this arm moves clockwise, indicating the CAR rotation. The scale 
bar applies for all three sections. f-h) Cryo-electron images from Coulton et al., 2010, Figure 2b-d.Actin filaments decorated 
with vertebrate tropomyosin, unacetylated Cdc8p, and acetylated Cdc8p respectively. White arrows indicate filament 
breaks. 
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and fluorescence-based imaging technologies (Henson et al., 2017; Kamasaki et al., 2007; Swulius et al., 

2018; Wollrab et al., 2016, see Figure 8). During cytokinesis the diameter of the CAR is reduced from 3.5 

µm to 0.3 µm in a retrograde rotating manner (Wollrab et al., 2016; Kamasaki et al., 2007, see Figure 8d). 

During this process, actin is exposed to strong forces, especially in the tight circular structure that precedes 

septum formation. The associated impact of force at the level of individual filaments remains unclear 

(Reymann et al., 2012; Schwayer et al., 2016). Using cryo-EM experiments, Coulton and colleagues (2010, 

Figure 9f-h) revealed the wavy nature of Cdc8p-decorated actin filaments.  

In addition, they could show that Cdc8p acetylation does reduce the wavy appearance and stabilizes the 

filament. This is a unique feature of the fission yeast isoform, because actin filaments decorated with 

vertebrate tropomyosin appear always smooth. The molecular mechanism underlying the wavy 

appearance remains to be elucidated. Furthermore, Coulton and colleagues (2010) showed in vivo that 

myosin of class 1 and 5 are unaffected by Cdc8p acetylation. They developed a model (Figure 10a-d), where 

unacetylated Cdc8p shows an irregular binding shape, offering binding sites for monomeric class 1 myosin 

and class 5 myosin with long neck regions. Bundled class 2 myosin on the other side is able to bind to the 

acto-tropomyosin co-filaments with acetylated Cdc8p, due to the homogenous binding sites enabling A- 

to M-state transition. Another type of actin bound Cdc8p regulation was observed by Palani and colleagues 

(2019), where phosphorylation of serine-125 weakens the interaction between Cdc8p and F-actin (Figure 

10e). A lack of serine-125 phosphorylation was observed to lead in vivo to an increased stability of actin 

cables and caused malfunctions in CAR construction. 

 

Figure 10: Actin bound Cdc8p regulation: a-d) from Coulton et al., 2010, Figure 7 modified. e) from Palani et al., 2019, Figure 5 
modified. a) Sp actin decorated with acetylated Cdc8p in closed position (A-state) with detached Sp myosin2 bundle. b) Myosin2 
binding shifts the Cdc8p in open position (M-state) enabling actomyosin interaction of myosin bundles. c) Sp myosin5 dimer 
bound to actin filament, decorated with acetylated Cdc8p. d) Unacetylated Cdc8p bound on actin leaves open positions for 
myosin5 and enables partial actomyosin binding. 
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1.10 Structural Work on Tropomyosin 

Initial groundbreaking structural work on tropomyosin was carried out by Phillips and colleagues, who 

solved the structure of full-length tropomyosin 1.1 to a resolution of 15 Å (Phillips et al., 1986; PDB: 2TMA). 

Further stepwise improvements lead to a 7 Å structure by Whitby and Phillips (2000; PDB: 1C1G), which 

represents up to now the highest resolved full-length tropomyosin structure. Various tropomyosin dimer 

fragments were crystallized over the last two decades, giving further insights into tropomyosin structure-

function relationships (Brown et al., 2001 and 2005; Greenfield et al., 2006; Minakata et al., 2008; Rao et 

al., 2012, see Table 1.9). The head to tail overlap complex of vertebrate tropomyosin was characterized by 

X-ray and NMR studies (Frye et al., 2010; PDB: 3MTU, 3MUD; Greenfield et al., 2006; PDB: 2G9J; Greenfield 

et al. 2009; PDB: 2K8X). In these studies the authors used non-native N-termini to increase affinity (Figure 

11).  

 

Table 2: An overview of all tropomyosin structures. Tropomyosin structures from the Protein Data Bank (PDB)ordered by date. 
Overlap complexes and subnanometer Cryo-EM structures are separately listed. 

Name Organism Resol. Length Modification PDB Reference 

Tpm 1.1 Rattus 

norvegicus 

15 Å 1 - 284 (FL) 
 

2TMA (G. N. Phillips et 

al., 1986) 

Tpm 1.1 Homo sapiens NMR 1 - 14 N-acetylation, C-

terminal Leu-zipper 

1TMZ (Greenfield et al., 

1998) 

Tpm 1.1 Sus Scrofa 7 Å 1 - 284 (FL) 
 

1C1G (Whitby & Phillips, 

2000) 

Tpm 1.1 Gallus gallus 2.0 Å 1 - 80 Residue 81 is cystin 

clamp 

1IC2 (Brown et al., 

2001) 

Tpm1 – N-1b Rattus 

norvegicus 

NMR 1 – 19 G N-terminal, GCN4 C-

terminal 

1IHQ (Greenfield et al., 

2001) 

Tpm 1.1 Rattus 

novergicus 

2.7 Å 254 - 284 AGH N-terminal 1KQL (Li et al., 2002) 

Tpm 1.1  Rattus 

novergicus 

NMR 252 - 284 GCG N-terminal 1MV4 (Greenfield et al., 

2003) 

Tpm 1.1 Rattus 

novergicus 

2.3 Å 89-208 C-terminal GCN4 Leu-

zipper 

2B9C (Brown et al., 

2005) 

Tpm 1.1 Oryctolagus 

cuniculus 

1.8 Å 176 - 273 GCN4 both termini 2EFR (Minakata et al., 

2008) 

Tpm 1.1 Oryctolagus 

cuniculus 

2.0 Å 176 - 273 GCN4 both termini 2EFS (Minakata et al., 

2008) 
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Name Organism Resol. Length Modification PDB Reference 

Tpm 1.1 Oryctolagus 

cuniculus 

2.6 Å 176 - 284 GCN4 N-terminal 2D3E (Nitanai et al., 

2007) 

Tpm 1.1 Oryctolagus 

cuniculus 

2.1 Å 1 - 24 GCN4-GAS N-terminal, 

GCN4 C-terminal 

2Z5I (Murakami et al., 

2008) 

Tpm1 – N-1b Rattus 

norvegicus 

0.98 Å 1 – 19 G N-terminal, GCN4 C-

terminal 

3AZD (Meshcheryakov et 

al., 2011) 

Tpm 1.2 Gallus gallus 2.0 Å 1 - 81 AGH N-terminal 3U1A (Rao et al., 2012) 

Tpm 1.2 Gallus gallus 1.8 Å 1 – 98 AGH N-terminal, anti-

parallel dimer 

3U1C (Rao et al., 2012) 

Tpm 2.1 Gallus gallus  2.5 Å 1 – 98 GAS N-terminal 3U59 (Rao et al., 2012) 

Tpm 1.1 Homo sapiens 1.5 Å 1 – 30 G N-terminal, GCN4 C-

terminal 

5KHT (Ly et al., 2018) 

Tpm 3.1 Homo sapiens 2.4 Å 1 - 81  6OTN (Janco et al., 2019) 

Overlap complex structures 

Tpm 1.1 Rattus 

norvegicus 

NMR Overlap, 1 - 14, 

254 - 284 

N-terminal GCN4-G; C-

terminal GCG, cystin 

2G9J (Greenfield et al., 

2006) 

Tpm 1 –         

N-1b, C-9d 

Rattus 

norvegicus 

NMR Overlap, 1 - 19, 

252 - 284 

G N-terminal, GCN4 C-

terminal 

2K8X (Greenfield et al., 

2009) 

Tpm 2.1 Homo sapiens 2.2 Å Overlap, 1 - 29, 

256 - 284 

GAS N-terminal, Gp7 C-

terminal 

3MUD (Frye et al., 2010) 

Tpm 2.1 Homo sapiens 2.1 Å Overlap, 1 - 29, 

248 - 284 

GAS N-terminal, XRCC4  

C-terminal 

3MTU Frye et al., 2010) 

Subnanometer resolution cryo-EM structures     Complex (A - Actin, T - Tropomyosin,  M - Myosin) 

Tpm 1.1 Oryctolagus 

cuniculus 

8.1 Å A-T-M - 4A7L (Behrmann et al., 

2012) 

Tpm 1.1 Oryctolagus 

cuniculus 

7.8 Å A-T-M - 4A7H (Behrmann et al., 

2012) 

Tpm 1.1 Oryctolagus 

cuniculus 

7.7 Å A-T-M - 4A7F (Behrmann et al., 

2012) 

Tpm 1.1 Oryctolagus 

cuniculus 

8 Å A-T - 3J4K (Sousa et al., 2013) 

Tpm 3.1 Homo sapiens 3.9 Å A-T-M - 5JLH (von der Ecken et 

al., 2015) 

Tpm 1.1 Mus musculus 3.7 Å A-T - 3J8A (von der Ecken et 

al., 2016) 

Tpm 1.1 Mus musculus 3.6 Å A-T - 5JLF (von der Ecken et 

al., 2016) 
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Figure 11: Structural work on the tropomyosin overlap complex. a) Overlay of 10 NMR structures of rat tropomyosin 1.1 (PDB: 
2G9J). The color code is described in the panel. The N-terminus is modified with an additional glycine. b) Overlay of 5 NMR 
structures of rat tropomyosin 1.8 N-terminus in context of the overlap complex. The N-terminus is modified with an additional 
glycine c)+d) X-ray structures of the human tropomyosin 2.1 overlap complex. The N-terminus is modified with a glycine-alanine-
serine-extension 

Modifications that mimic N-terminal acetylation correspond to the addition of a single glycine residue or 

the addition of a ‘GAS’-tag (glycine-alanine-serine-tag) at the N-terminus of tropomyosin (Moraczewska et 

al., 1999). Further pioneering structural work at the atomic level was done by Brown and colleagues (2001 

and 2005), identifying the alternation of rigid and flexible segments in vertebrate tropomyosin. These 

characteristics give tropomyosin the structural flexibility to wrap around the actin filament. The flexible 

clusters are rich in alanines in the ‘a’ and ‘d’-heptad positions, which precludes a stable knobs-into-hole 

packing. Alanine-clusters break the 2-fold symmetry, introducing staggering and thus a slight bend of 2° to 

6° (Brown et al., 2001 and 2005; Minakata et al., 2008; Nitanai et al., 2007). The coiled coil nature of 

tropomyosin is not uniform but undulated. Variation of parameters like staggering, bending, twisting (also 

called winding), and interhelical radius underline the role of flexible segments along the filament 

(Minakata et al., 2008; Nitanai et al., 2007). To describe the properties of tropomyosin and acto-
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tropomyosin, three definitions commonly used in materials science for the flexibility of rod-shaped objects 

can be used: (i) bending flexibility, (ii) twisting flexibility, and (iii) stretching/compression flexibility 

(Baumgart, 2000; Lehman et al., 2019) (Figure 12). In the case of bending (or flexural) flexibility, only a 

simplified version is applicable for tropomyosin, which takes into account neither the torsional nor the 

elastic properties of coiled coils. Twisting (or torsional) flexibility increases the stiffness of coiled coils and 

may play a role at the level of individual residues in optimizing tropomyosin actin interactions (Lehman et 

al., 2018). The effects of stretching/compression (or elastic) flexibility have not yet been described in detail 

for tropomyosin. The flexibility and twisting impact of highly conserved heptad breaking residues causing 

broken core regions (for example D137 in Hs tropomyosin 1.1) remains a controversial issue. Based on X-

ray crystallography structures, it has been proposed that these broken cores create flexible segments that 

introduce bending flexibility (Brown et al., 2005; Minakata et al., 2008; Nitanai et al., 2007). Recent in silico 

studies using molecular dynamics simulations question this interpretation. Instead, they suggest that 

heptad breaks introduce an additional torsional flexibility (Lehman et al., 2018 and 2019). Moreover, the 

results of in silico studies suggest that the twist-increasing nature of such heptad breaks is necessary for 

binding to the helical actin interaction surface. Whereas the local segment is stiffened by these anomalies 

(demonstrated for D137 in Hs tropomyosin 1.1), paradoxically the overall filament rigidity is decreased, 

due to the increased torsional flexibility at the broken core. This is supported by the impact of mutation 

D137L, which results in an increase of local and whole-molecule stiffness (Lehman et al., 2018; Moore et 

al., 2011). Thus, these broken cores are segments with mostly twist-adjusting properties for correct actin 

binding. Furthermore, they are alleged to facilitate easier translocation on the filament (Lehman et al., 

2018 and 2019). Both helices of tropomyosin filaments act in an asymmetric manner, which was initially 

suggested based on EM-micrographs and further characterized by molecular dynamics simulation 

(Lehman et al., 2019; Li et al., 2010; Sousa et al., 2010). Fission yeast tropomyosin Cdc8p has no perfect 

heptad repeat sequence, as a central hard break interrupts two heptads by the insertion of three residues 

in combination with an ionic residue substitution at the hydrophobic core (Uniprot: Q02088). In addition, 

Cdc8p contains several heptad breaks, where single ‘a’ and ‘d’-positions exhibits non-hydrophobic 

substitutions. In contrast to vertebrate Tpm isoforms, Cdc8p has not been structurally characterized at the 

outset of this project. 
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Figure 12: Different flexibilities of rod-shaped objects. Inspired by Baumgart, 2000. a) Bending (or flexural) flexibility describes 
the behaviour under transverse force exertion. b) Twisting (or torsional) flexibility describes the behaviour under applied torque. 
c) Stretching/compression (or elastic) flexibility describes the behaviour to longitudinal applied forces. 
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1.11 Aims 

X-ray crystallography remains the most powerful tool for gaining access to protein structures and their 

dynamics at the atomic level. The structures of the myosin motor, the acto-myosin complex, and its main 

regulator tropomyosin have been described in part. However, there are no near-atomically resolved cryo-

EM structures of actin-bound tropomyosin nor is there a full-length X-ray crystallographic structure of 

tropomyosin. Furthermore, experimental analysis of the structure of the tropomyosin overlap complex 

has been exclusively studied with short, N-terminal modified and chimeric fragments. Structural work on 

fission yeast tropomyosin is completely missing.   

The aim of this work is to resolve the full-length tropomyosin structure of the sole yeast tropomyosin 

Cdc8p. These findings on coiled coil architecture will provide new insights about the differences and 

similarities to vertebrate tropomyosin. Furthermore, I plan to structurally resolve the homo-polymeric 

overlap complex in context of the unacetylated full-length structure. This information will be analyzed on 

single residue interaction- and architectural level. Structural analysis tools like TWISTER and molecular 

dynamics simulations are used for this purpose. Due to the importance of acetylation in context of the 

Cdc8p overlap complex, in silico acetylation studies will be performed. In addition, the Cdc8p structure will 

allow molecular analysis of known mutations to clarify their impact. 

A further application of X-ray crystallography studies the unfolding and refolding dynamics of nonmuscle 

myosin2 in the absence and presence of pharmacological chaperones. Serial crystallography has 

developed rapidly over the last decade. The use of high intensity light sources, such as X-ray free electron 

lasers, allows femtosecond snapshots of molecular reactions at atomic resolution scale. Within the scope 

of this work, it is planned to establish the experimental basis of T-jump crystallography with myosin. While 

conventional approaches for the structural characterization of nonmuscle myosins are well-known, 

sufficiently robust myosin micro-crystallization protocols suitable for serial crystallography remain to be 

established. In the context of our work, we aim to gain new insights into the mode of action of 

pharmacological chaperone and protein stabilization by small molecules. Towards these goals, we will 

perform co-crystallization experiments of myosin with the low-molecular activator EMD 57033. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

1,4-Dithiothreitole (DTT)     Thermo Fisher Scientific 

2-Methyl-2,4-pentanediol (MPD)   Fluka Analytical 

Acetic Acid       T.H. Geyer 

Acetone       T.H. Geyer 

Acrylamid Bisacrylamid 30% (37, 5:1)    Merck 

Adenosine-5’-diphosphate (ADP)    Roche 

Adenosine-5’-triphosphate (ATP)    Sigma-Aldrich 

Agar-Agar, Kobe I      Roth 

Agarose (TopVision LE GQ Agarose)   Thermo Fisher Scientific 

Ammonium-Acetate ≥99.99%    Merck 

Ammonium-peroxo-disulfate (APS)    Merck 

Ammonium-sulfate ≥99.0%    Merck 

Ampicillin (10 mg/ml)      Roth 

β-Mercaptoethanol      Sigma-Aldrich 

Benzamidine      Merck 

Bromophenol-blue      Serva 

Casein pepton       Serva 

Complete, Inhibitor Mix     Roche 

Coomassie Brillant Blue G-250     Thermo Fisher Scientific 

Coomassie Brilliant Blue R-250     Serva 

D-Glucose       Sigma-Aldrich 

D-Lactose monohydrate     Merck 

Dimethylsulfoxid (DMSO)     Sigma-Aldrich 

Dipotassium hydrogen phosphate    Merck 

EDTA, Titriplex II      Merck 

EGTA, Titriplex VI      AppliChem 
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EMD 57033      Merck   

Ethanol       T.H. Geyer  

G418 (Geneticin)     Calbiochem 

Gentamicin (50 mg/ml)      Thermo Fischer Scientific 

Glycerol       Roth 

Glycin        Roth 

HEPES       Roth 

Hydrocloric acid      Merck 

Imidazole       Merck 

Isopropanol       Roth 

Isopropyl-β-D-thiogalactopyranoside (IPTG)   Thermo Fisher Scientific 

Kanamycinsulfate      Roth 

L-Methionine      Merck 

L-Selenomethioinine      Merck  

Leupeptin       Roth 

Magnesium chloride      Roth 

Magnesium sulfate      Sigma-Aldrich 

Methanol       Merck 

N,N,N',N'-Tet.met.ethylenediamine (TEMED)  Merck 

Nonidet P40 Substitute     Merck 

PEG 3350      Sigma-Aldrich 

PEG-MME 5000      Fluka Chemika 

PEG 6000      Sigma-Aldrich 

Pepstatin A      Merck 

Phenylmethylsulfonylfluoride (PMSF)    Roth 

Phosphoenolpyruvate (PEP)     Roche 

Potassium di-hydrogen phosphate    Merck 

Proteinogenic amino acids    Merck 

Sodium azide      Merck 

Sodium chloride      Sigma-Aldrich 

Sodium hydroxide      Roth 

Sodiumdodecylsulfate, SDS Pellets   Roth 

Sucrose       Sigma-Aldrich 
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Tetracycline (10mg/ml)      Roth 

TPCK       Merck 

Trehalose       Sigma-Aldrich 

Tris (hydroxymethylaminomethane)    Roth 

Triton X-100       Merck 

Trypton       Serva 

Tween 20       Merck 

Vitamin B12 ≥98%     Merck 

X-gal Thermo       Fisher Scientific 

Yeast extract       Serva 

Sf-900™ III SFM culture medium    Invitrogen 

Fugene®      Promega 

2.1.2 Technical Devices 

-80°C storage       Sanyo 

-80°C storage       Thermo Fisher Scientific 

18°C Fridge GrandCru     Liebherr 

96-Well Half-Area Microplate    Corning 

Autoclave       Thermo Fisher Scientific 

Cuvettes       Hellma 

Dialysis tubes Visking 36/32 Ø 27 mm    Serva 

Electrophoresis apparatus V15-17    Gibco BRL 

Electrophoresis power supply     Consort 

FPLC Äkta purifier 10      Amersham Pharmacia 

Gyrotory Shaker G2 New     Brunswick Scientific 

Gyrotory Shaker G10 New     Brunswick Scientific 

Hi-Trap 5ml Q HP      GE Healthcare 

Incubator, E.coli      Heraeus 

Incubator, Sf9       KOJAIR 

Molecular Imager ChemiDoc     Bio-Rad 

Ni-NTA-Superflow, 1.5 x 10 cm     Qiagen 

Olympus SZX16 Microscope    Olympus 
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Orbital Shaker       Thermo Fisher Scientific 

Pipettes 2-1000μl      Gilson 

pH and conductivity meter     Jenway 

Pipettes 2-1000μl      Gilson 

Proteum X8 home X-ray anode    Bruker 

Roadrunner III serial crystallization chips  Suna precision 

Shaker Duomax 1030      Heidolph 

Sonifier Sonoplus UW 2200     Bandelin Electronic 

StepOne Real-time PCR System     Applied Biosystems 

Storage Dewar HC35     Taylor-Wheaton 

Superdex 200pg increase (16/600)    GE Healthcare 

Superdex 75pg increase (16/600)    GE Healthcare 

Ultrasonic water bath Emmi-H60    Emag Technologies 

UV 2600       Shimadzu 

Vivaspin concentrator (cut-off 10, 30, 50 and 100 kD)  Sartorius 

Water bath       GFL 

2.1.3 Enzymes, Proteins and Nucleic Acids 

Alkaline phosphatase      Roche 

BSA        Roth 

DNase I       Thermo Fisher Scientific 

FastAP, Thermosensitive Alkaline Phosphatase   Thermo Fisher Scientific 

Fast Digest Enzymes     Thermo Fisher Scientific 

GeneRuler 1kb DNA ladder     Thermo Fisher Scientific 

GeneRuler 100bp DNA ladder     Thermo Fisher Scientific 

Pageruler Pre-stained protein marker    Thermo Fisher Scientific 

Pageruler Un-stained protein marker   Fermentas/Thermo Sci. 

RNAse A       Thermo Fisher Scientific 

Taq-DNA Polymerase      Thermo Fisher Scientific 

2.1.4 Software 

Adobe Acrobat X Pro 18.0.0.144   Adobe Inc.   



Materials and Methods 

27 
 

Adobe Illustrator CS6 16.0.3 64-bit   Adobe Inc.     

Adobe Photoshop CS6 13.0.1 x64   Adobe Inc.  

Albula 3.1      Dectris 

Blender 2.77a, 2.79, 2.8     The Blender Foundation 

CCP4 suite version 7.0     (Winn et al., 2011) 

ARPwARP 8.0      (Langer et al., 2013) 

Parrot       (Cowtan & IUCr, 2010)  

Phaser-2.5.0      (McCoy et al., 2007) 

Chemdraw 18.2      PerkinElmer 

CLC Sequence Viewer 8.0    QIAGEN Aarhus A/S 

Coot 892      (Emsley & Cowtan, 2004) 

Microsoft Office Prof. Plus 2010 14.0.7232.5 32-bit Microsoft Corporation 

Microsoft Paint Windows 8 & 10   Microsoft Corporation 

NAMD 213-cuda     (J. C. Phillips et al., 2005) 

OriginPro 2020 9.7.0.185 (Academic) 64-bit  OriginLab Corporation, Northampton 

Phenix 1171-3660     (Afonine et al., 2012) 

Phenix.refine      (Afonine et al., 2012) 

Phaser       (Afonine et al., 2012) 

Morph_model      (Terwilliger et al., 2012) 

MR-SAD      (McCoy et al., 2004) 

Pymol 1862      Schrödinger, Inc. 

Schrödinger Suite 2018-1; 2014-4; 2019-2  Schrödinger, Inc. 

SADABS 2.03      Bruker AXS Inc. 

UCSF Chimera 1.14     (Pettersen et al., 2004) 

VMD 193      (Humphrey et al., 1996) 

XDS suite 201906     (Kabsch, 2010) 

XDSGUI 2018-06-08     (Sparta et al., 2016) 

Yasara 190619      YASARA Biosciences 
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2.2 Methods 

2.2.1 Molecular Biological Methods 

2.2.1.1 Plasmid DNA Preparation from E.coli 

Plasmids were purified from E.coli cultures using the QIAGEN Plasmid Purification Kit following the 

instructions in the QIAprep Miniprep manual (protocol release 2011). For plasmid preparation, a single 

E.coli colony was isolated with a pipette tip and inoculated in 3 mL Luria-Bertani (LB) Medium containing 

the appropriate antibiotic. After incubation overnight at 37°C, the culture was spun down at 10,000 rpm 

for 5 minutes. The cells were suspended in 250 µL P1 buffer (containing LyseBlue reagent and RNase) and 

lysed for 5 minutes after the addition of an equal volume P2 buffer. Lysis was stopped by the addition of 

350 µL N3 buffer, gently mixed, followed by a centrifugation step at 13,000 rpm for 10 minutes to separate 

supernatant and precipitate. The DNA containing supernatant was transferred to a QIAprep spin column 

and centrifuged for one 1 minute at 10,000 rpm. The DNA was washed in two steps by adding 750 µL PE 

buffer and subsequent centrifugation at 10,000 rpm for 1 minute. This was followed by incubating one 

minute with 30 µL of EB buffer, and elution via centrifugation for one minute. DNA-concentration was 

determined photometrically at 260 nm. 

2.2.1.2 Transformation of Bacteria 

Plasmids were transformed into competent Rosetta E.coli cells. E.coli cells (50µL aliquot) were stored at -

80°C and gently thawed on ice. Approx. 200 ng of plasmid DNA was added, followed by a 30-minute 

incubation on ice. The bacteria were heat shocked at 42°C for 30 seconds and subsequently allowed to 

rest for 2 minutes on ice. After the addition of 950 µL LB medium, cells were incubated at 37°C and 300 

rpm for 45 to 60 minutes. The bacteria were plated on LB-agar plates with the appropriate antibiotic and 

incubated overnight at 37°C.  

For bacmid DNA transposition and isolation the target gene carrying pFastBac plasmid was transformed 

into competent DH10Bac cells using the heat shock transformation technique described above. The 2 min 

rest on ice was skipped after the heat shock, instead 900 µL SOC medium was immediately added, followed 

by incubation with shaking (180 rpm) for 4 hours at 37°C. Bacteria were plated on LB-agar plates 

(supplemented with 40 µg/mL IPTG, 50 µg/µL kanamycin, 300 µg/mL Xgal, 7 µg/mL gentamycin, 10 µg/mL 

tetracycline) and incubated for 32 hours at 37°C. White colonies containing the recombinant bacmid were 
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transferred to 3 mL LB-medium containing kanamycin, 7 µg/mL gentamycin, 10 µg/mL tetracycline. These 

inoculated cultures were grown overnight at 37°C and 180 rpm. 

2.2.1.3 Bacmid Prepration 

Bacmid DNA was isolated from 3 mL overnight culture with the QIAGEN Plasmid Midi Kit according to the 

manual. After lysis, DNA was precipitated by adding a threefold amount of volume excess of ice-cold 

isopropanol. After 10minute incubation on ice, the DNA was pelleted by centrifugation (15,000 rpm, 15 

minutes, at room temperature). The DNA-pellet was washed with 500 µL of 70% ethanol and a subsequent 

centrifugation step of 5 minutes (at 15,000 rpm, at room temperature). The pellet was air-dried and 

resuspended in 100 µL EB-buffer. Purified bacmid was stored at -20°C or used directly to transfect 

Spodoptera frugiperda Sf9 insect cells. 

2.2.2 Cell Biological Methods 

2.2.2.1 Cultivation of Sf9Cells 

The Sf9 cell line is a clonal isolate deriving from IPLB-Sf21-AE cell line which itself was isolated from 

Spodoptera frugiperda ovarian tissue. These insect cells are grown at 27°C in serum-free suspension or in 

adhesion culture. The Sf9 cell suspension culture was grown in sterile Erlenmeyer flasks at 27°C and 90 

rpm. The cell density was maintained between 5 x 105 and 5 x 106 cells/mL and counted manually with a 

Neubauer Chamber.  

2.2.2.2 Transfection of Sf9 Cells 

The transfection of Sf9 cells was performed with Fugene (Promega) transfection reagent according to the 

manufacturer’s protocol. In a 6-well plate a total number of 1.6 x 105 cells per well were settled for 30 

minutes. Plasmid (~500 ng / µL) and Fugene (5 µL each) were added to 200 µL culture medium and 

incubated for 30 minutes at room temperature. After incubation the plasmid-mix was added drop-wise to 

the settled cells and incubated for 4-5 days, depending on cell appearance. Cells under virus stress look 

irregular in texture and shape, whereas healthy cells look round with flat texture. 

2.2.2.3 Sf9 Virus Amplification and Test-Expression 

Higher titer stocks of the recombinant baculovirus are produced by successive amplification of infected 

cells in culture. The transfected cells were collected and pelleted by centrifugation for 5 minutes at 500 x 

g and room temperature. The supernatant was used as P0 stock. For the first amplification 1.6 x 106 cells 
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in 10 mL were settled to an adherent culture. The P0 stock was added to the adherent culture (1:20 v/v; 

virus/culture) and incubated at 27 °C for 4-5 days. The cells were harvested and the supernatant stored as 

P1 virus stock. For further amplification a 45 mL adherent culture with 1.6 x 106 cells/mL was infected with 

P1 virus (1:10). Cells were collected and the supernatant stored as P2 virus stock at 4 °C. For test expression 

10 mL of Sf9 cells with 1.6 cells/mL were infected with P2 virus (1:10 – 1:100 v/v; virus/culture). After 4 

days of incubation 1 mL of culture was pelleted by centrifugation and washed with 1X phosphate-buffered 

saline (PBS) buffer. The expression level of protein in the cell pellet was tested by SDS-PAGE or western 

blot. The virus of the NM2B-2R construct was generated and kindly gifted by Dr. Theresia Reindl.  

2.2.2.4 Protein production of NM2B-2R in Sf9 Cells 

The recombinant production of NM2B-2R protein was initiated by infecting Sf9 suspension cultures (1.6 

cells/mL) with P2 virus stock. The ratio of culture and virus stock was adequately chosen after test 

expression. The infected cells were grown for three days and harvested by centrifugation at 500 x g and 4 

°C. The cells were resuspended and washed with 4°C cold 1X PBS buffer and pelleted by centrifugation 

with 500 x g and 4 °C. The pellets were stored at -80°C. 

2.2.2.5 Protein Production of Cdc8p in E.coli Cells 

For recombinant production of Cdc8p protein the pET23 plasmid DNA was transformed into Rosetta E.coli 

cells. A single colony was used for inoculation of 50 mL LB-medium. This preculture was shaken overnight 

at 300 rpm and 37°C. The preculture was then used to inoculate 1 L LB-medium which was grown until it 

in reached an OD600 of 1.0. The expression was induced by 1 mM IPTG and took place over 3 hours. The 

cells were harvested by centrifugation (4000 x g, 10 minutes at 4°C) and washed with 4°C old 1X PBS buffer. 

The pellet was stored at -80°C after flash freezing in liquid nitrogen. 

2.2.2.6 Protein Production of Cdc8p with Seleno-methionine in E.Coli Cells 

For recombinant production of Cdc8p with integrated seleno-methionine the pET23 plasmid DNA was 

transformed into Rosetta E.coli cells (after Studier, 2005). A single colony was isolated and used for the 

inoculation of 100 mL LB-medium. The preculture was shaken over night at 37 °C and 300 rpm. For the 

expression a controlled medium was used with lactose as main nutrition source for autoinduction 

(Disodium hydrogen phosphate 50 mM, potassium dihydrogen phosphate 50 mM, ammonium sulfate 25 

mM, magnesium sulfate 2 mM, glycerol 0.5%, glucose 0.05%, lactose 0.2%, methionine 10 µg/mL, seleno-

methionine 125 mg/mL, Vitamin B12 100 mM, each proteinogenic amino acid except cysteine, tryptophan 

and methionine 200 µg/mL). Over 72 hours the expression was shaken at 37 °C and 300 rpm, cells collected 
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by centrifugation and washed with 1X PBS. The pellet was flash-frozen in liquid nitrogen and stored at -

80°C. 

2.2.2.7 Protein Production of Recombinant Myosin2 in Dd 

Dictyostelium discoideum (Dd) AX3r Orf+-cells containing a pDXA-vector with myosin2 (M765-SSB 

construct) were provided by Dr. Manuel Taft (Manstein & Hunt, 1995; Manstein et al., 1995). Dd cells were 

cultivated in petri dishes at 20°C using HL5-C medium, containing 10 µg/mL G418 and 10 µg/mL 

penicillin/streptomycin. For culture maintaining the medium was replaced every two to three days. For 

protein expression, Dd cells were transferred into a suspension culture with maintained cell densities 

between 1 x 106 to 1 x 107 cells/mL. The suspension cultures were grown at room temperature and 180 

rpm. Protein production was carried out in 12 to 26 L suspension culture and spun down by centrifugation 

at 3000 rpm for 10 minutes. After washing with 1X PBS buffer the pelleted cells were directly used for 

protein purification. 

2.2.3 Protein Purification and Biochemistry 

2.2.3.1 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Proteins were analyzed regarding purity according their running profile on SDS-PAGE (Smith, 1984). 

Depending on protein size and desired target separation, the stacking gel contained polyacrylamide 

concentrations between 10% to 15%. Furthermore, the stacking gel contained 375 mM Tris pH 8.0, 0.1% 

SDS, 0.1% APS, and 0.01% TEMED. The stacking gel contained 4% acrylamide, 250 mM Tris pH 6.8, 0.1% 

SDS, 0.1% APS, and 0.01% TEMED. The protein sample was mixed with 5X sample loading dye (10% SDS, 

30% glycerol, 0.02% Bromphenol blue, 250 mM Tris pH 6.8) and heated for 5 minutes to 95°C. The gel was 

run in SDS running buffer (1% SDS, 14.5% glycine, 3% Tris) at 40 mA and for 40 minutes. Subsequently, the 

gel was stained in Coomassie solution (0.25% Coomassie brilliant blue R250, 0.0625% Coomassie brilliant 

blue G250, 50 mL methanol, 10% mL acetic acid) and destained with 6% acetic acid. 

The used protein ladders for size identification were Thermo Scientific Unstained Protein Ladder, 

10-200 kDa and Thermo Scientific Prestained Protein Ladder, 10-170 kDa. 

2.2.3.2 Determination of Protein Concentration  

The protein concentration was determined at the wavelength of 280 nm, using a Shimadzu UV-2600 

spectrophotometer. For this purpose, the Lambert-Beer equation (Equation 5) was used: 

Equation 5:  A = ε * c * d   IUPAC CCT 2008 
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with ‘A’ representing the absorbance of the protein solution at 280 nm, ‘ε’ is the protein specific extinction 

coefficient (M-1 * cm-1), c is the protein concentration in moles per liters, and d is the path length in 

centimeters. 

Alternatively, the protein concentration was determined with Bradford assay using ‘Bio-Rad Protein Assay’ 

reagent (Bradford, 1976). The calibration curve was produced with BSA solutions between 0.1 to 1.0 

mg/mL. The protein sample and BSA solutions were mixed with Bradford assay reagent and measured at 

560 nm wavelength. The protein sample was measured with adequate dilution and with linear fit equation 

(equation 6) the concentration was estimated. 

 

 Equation 6:  y = m * x + c   (Kenney & Keeping, 1962) 

2.2.3.3 Protein Purification – Non Muscle Myosin2B 

The Sf9 cell pellets (Chapter 2.2.2.4) were resuspended in lysis buffer (50 mM HEPES pH 7.3, 300 mM 

sodium chlorid, 3 mM MgCl2, 5 mM ATP, 10 mM beta-mercaptoethanol, 10 mM imidazole, 100 µg/mL 

TAME, 80 µg/mL TPCK, 0.2 µg/mL Pepstatin, 5 µg/mL Leupeptin, 0.1 mM PMSF). Afterwards, the cells were 

lyzed via sonication with a ¾’’ tip, 60% power setting, and 50% duty cycle for 1 minute. The lysis was 

completed by adding Nonidet-P40 Substitute to a final concentration of 0.2% and stirred for 30 minutes 

on ice. The lysate was then pelleted by centrifugation at 45,000 rpm (Ti 45 rotor, Beckmann Coulter Avanti 

J-HC centrifuge) and 4°C for 1 hour. The supernatant was filtered and applied to Ni-NTA beads (Qiagen, Ni-

NTA superflow) for his-tagged protein binding. Subsequently it was shaken for one hour at 4°C. Ni-NTA 

beads were washed in three steps (wash buffer 1: 25 mM HEPES pH 7.3, 600 mM NaCl, 0.1 mM EGTA, 0.5 

mM ATP, 3 mM MgCl2, 7 mM beta-mercaptoethanol, 7 mM imidazole, 100 µg/mL TAME, 80 µg/mL TPCK, 

0.2 µg/mL Pepstatin, 5 µg/mL Leupeptin, 0.1 mM PMSF; wash buffer 2: 25 mM HEPES pH 7.3, 300 mM 

NaCl 0.1 mM EGTA, 3 mM MgCl2, 40 mM imidazole; wash buffer 3: 25 mM HEPES pH 7.3, 500 mM NaCl, 

0.1 mM EGTA, 3 mM MgCl2, 60 mM imidazole). Elution was achieved by applying high imidazole buffer 

(elution buffer: 25 mM HEPES pH 7.3, 250 mM NaCl, 0.1 mM EGTA, 3 mM MgCl2, 200 mM imidazole). 

Protein was concentrated with Centricone Protein Concentrator (MWCO 50,000 Da) to at least 6 mg/mL. 

The concentration was determined via spectroscopy using the extinction coefficient εNM2B-2R = 112035 /mol 

* cm. Subsequently, protein was further purified via gel filtration with a 16/60 Superdex S200 using gel 

filtration buffer (25 mM HEPES pH 7.3, NaCl 250 mM, 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 3% trehalose). 

As last step the protein was concentrated to 6 mg/mL and flash-frozen with liquid nitrogen for storage at 

-80°C. 
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2.2.3.4 Protein Purification – Cdc8p 

The cell pellets (Chapter 2.2.2.6) were thawed and resuspended in lysis buffer (20 mM Tris pH 7.5, 100 mM 

NaCl, 2 mM EGTA, 5 mM MgCl2). The lysis was initiated by sonication with a ¾’’ tip, 60% power setting, 

and 50% duty cycle for 1 minute. Insoluble cell fragments were pelleted by centrifugation at 13,000 rpm 

for 10 minutes at 4°C (JA16.250 rotor, Beckmann Coulter Avanti J-HC centrifuge). The filtered supernatant 

was heated in a water bath to 80°C over 10 minutes, followed by a 20 minutes cooling on ice. After the 

precipitation was separated via centrifugation at 13,000 rpm for 10 minutes at 4°C, the supernatant was 

filtered. For Cdc8p precipitation the pH was lowered with 0.1 M hydrochloric acid to 4.63 according to 

Johnson and colleagues (2010). The precipitated protein was pelleted by centrifugation at 13,000 rpm for 

10 minutes. For resuspension, low salt buffer was used (5 mM dipotassium hydrogen phosphate pH 8.0, 

50 mM NaCl, 5 mM MgCl2) and the pH was adjusted to 8.0 using 0.1 M potassium hydroxide. The protein 

was filtered and loaded onto a HiTRAP Q HP column, which was priorly equilibrated with low salt buffer. 

The loaded protein was washed over 5 column volumes (CV) with low salt buffer. Elution was performed 

by increasing the salt concentration to high salt buffer (5 mM K2HPO4 pH 8.0, 500 mM NaCl, 5 mM MgCl2) 

over 15 CV. Adequate fractions were pooled and precipitated at pH 4.63 as described before. After 

centrifugation the pellet was resuspended in storage buffer (5 mM dipotassium hydrogen phosphate pH 

7.0, 100 mM NaCl, 5 mM MgCl2, 3% sucrose). The protein was concentrated with a Centricone Protein 

Concentrator (MWCO 5,000 Da) to 15 mg/mL and flash-frozen in liquid nitrogen for storage at -80°C. 

2.2.3.5 Protein purification – Dd Myosin2 

Cell pellets (cross ref) were resuspended in (2-4 volumes in mL per gramm of pellet) lysis buffer (50 mM 

Tris pH 8.0, 2 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 5 mM benzamidine, 40 µg/mL TLCK, 100 µg/mL TAME, 

80 µg/mL TPCK, 0.2 µg/mL Pepstatin, 5 µg/mL Leupeptin, 0.1 mM PMSF), followed by 1 minute sonication 

with a ¾’’ tip, 40% power setting, and 50% duty cycle. For cell lysis 1% Triton-X100, 100 units of alkaline 

phosphatase, and 15 µg/mL RNase A were added. Subsequently, the lysate was incubated under stirring 

for one hour on ice. By ultracentrifugation with 16,000 rpm (JA16.250 rotor, Beckmann Coulter Avanti J-

HC centrifuge) over one hour the lysate is pelleted (at 4°C). The pellets were washed with extraction buffer 

(50 mM HEPES pH 7.3, 15 mM potassium acetate, 35 µg/mL PMSF, 7 mM beta-mercaptoethanol, 5 mM 

benzamidine) and pelleted again by centrifugation over 45 minutes. The pellet was resuspended in 

extraction buffer containing 15 mM ATP and spun down again at 60,000 rpm (70 Ti rotor, Beckmann 

Coulter Avanti J-HC centrifuge) over 1 hour. Myosin containing supernatant was applied on Ni-NTA beads 

(Qiagen, Ni-NTA superflow) via FPLC (GE Healthcare, ÄKTA purifier) and 1 mL/minute flowrate. The resin 
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bound myosin is washed with 10 CV low salt buffer (50 mM HEPES pH 7.3, 30 mM potassium acetate, 3 

mM benzamidine) and 5 CV high salt buffer (50 mM HEPES pH 7.3, 300 mM potassium acetate, 3 mM 

benzamidine). Final wash was performed with low salt buffer, containing 50 mM imidazole. Myosin was 

eluted using imidazole buffer (1 M imidazole pH 7.3, 3 mM benzamidine) gradient from 5 to 50% over 20 

CV with a flowrate of 2 mL/minute. All purification steps and the elution fractions were tested via SDS-

PAGE. The subsequent concentration with Centricone Protein Concentrator (MWCO 50,000 Da) was 

followed by gel filtration with a 26/60 Superdex s200 column (GE Healthcare). For this purpose, the 

crystallization buffer (Tris pH 7.5 – 50 mM, 2 mM MgCl2, 250 mM NaCl) was used and subsequently myosin 

was concentrated to 12 mg/mL. Finally, sucrose (3% w/v, sucrose/protein) was added and the protein 

flash-frozen in liquid nitrogen for storage at -80°C. 

2.2.4 X-ray Crystallography  

2.2.4.1 Conventional Crystallization of Dd Myosin 

One of the structurally best described myosins is the Dd myosin2. Several variants, mutants and fragments 

served as model system for myosin research. Here, we used the first 765 residues of the motor domain 

with an N-terminal hepta-His-tag and a C-terminal SSB-tag (Fedorov et al., 2009; SSB-tag: 

LARIEEAREQRLESNEPPMDFDDDIPF). In order to trap the enzyme in a pre-powerstroke conformation, we 

incubated Dd myosin2 (15 mg/mL) with 4 mM ADP, 4mM NaCl, and 4 mM sodium-meta-vanadate. Initial 

crystal seeds were generated by vapor diffusion experiments in crystallization buffer: 12% - 13% 

Poly(ethylene glycol) methyl ether with average chain length of 5000 (PEG-MME 5000), 140 to 170 mM 

NaCl, 100 mM Tris pH 7.8. The PEG and NaCl concentration determined the size and quantity of the 

crystals. The vapor diffusion experiments were performed in SWISS MRC 2-well plates at 18°C and 100 µL 

reservoir volume. Co-crystallization with EMD 57033 was performed by mixing the myosin prior to 

trapping with 3% to 5% DMSO and 100 to 500 µM of compound. The mixture was incubated at room 

temperature for 40 minutes and spun down via centrifugation to remove precipitation of protein and 

compound. The crystals grew over three days and were harvested by transferring to cryo-protection buffer 

(15% PEG-5000MME, 250 mM NaCl, 100 mM Tris pH 7.8, 5% MPD, 4 mM ADP, 4 mM MgCl2). Subsequently, 

the crystals were flash-frozen in liquid nitrogen and measured at synchrotron beamlines. 

2.2.4.2 Micro-Crystallization of Dd Myosin2 

Dd myosin2 crystals from vapor diffusion experiments were grown as described above (Chapter 2.2.4.1). 

After 2 to 3 days the crystals were transferred via pipetting to a 200 µL reaction tube. The crystallization 



Materials and Methods 

35 
 

well with remaining fragments and small crystals were washed twice with 4 µL of reservoir and also 

transferred to the seed tube. The crystals were crushed with Sigma-Aldrich glass beads (1 mm borosilcate 

solid-glass beads). Crushing was achieved by vortexing the crystal-bead mix five times for three seconds 

with consecutive cooling time of 5 seconds. These seeds were used for further crystallization experiments 

by mixing the trapped enzyme 1:1 (v/v) with crystallization buffer (13% PEG-MME 5000, 150 mM NaCl, 

100 mM Tris pH 7.8) and 1:10 (v/v) with seed solution. Micro-crystals appeared overnight with sizes 

ranging between 20 to 100 µm.  

2.2.4.3 Conventional Crystallization of Human NM2B-2R 

Human NM2s are structurally well described with various X-ray crystallography and Cryo-EM structures 

(Chinthalapudi et al., 2017; von der Ecken et al., 2016; Münnich et al., 2014). For these experiments the 

NM2B-2R construct was used. The post converter helix is here replaced by two Dd α-actinin repeats. The 

artificial α-actinin lever-arm increases the crystallization capacities of NM2s significantly (Münnich et al., 

2014). Consecutive fine scanning around the known crystallization condition (10% PEG 6000 and 100 mM 

HEPES pH 7.0) increased crystal size and quality, which led to an optimized condition for crystallization 

(5 mg/mL NM2B-2R, 8% PEG 6000, 100 mM Tris pH 7.4, 5% DMSO). NM2B-2R was crystallized in presence 

and absence of EMD derivatives (500 µM).  

2.2.4.4 Micro-Crystallization of Human NM2B-2R 

Crystal seeds were produced as described in see 2.2.4.3. The fully grown crystals were crushed by 

transferring them into a 200 µL reaction tube with a reasonable amount of seed beads (Sigma-Aldrich, 

1 mm borosilcate solid-glass beads) and vortexed as described before. For micro-crystallization, the 

enzyme solution (5 mg/mL) was mixed 1:1 (v/v) with reservoir (8% PEG 6000, 100 mM Tris pH 7.4, 5% 

DMSO). The amount and size of the crystals were controlled by seed volume in the range of 1:5 to 1:10 

(v/v) of prior mixed solution.  

2.2.4.5 Conventional Crystallization of Cdc8p  

Initial crystal screening was performed by the workgroup of Prof. Daniel Mulvihill (University of Kent). Fine-

screening of vapor diffusion experiments was setup with Phoenix crystallization robot (Art Robbins). The 

acetylated and non acetylated protein (provided by Prof. Daniel Mulvihill) was mixed 1:1 (v/v) with an 

optimized reservoir solution (100 mM HEPES pH 7.5, 250 mM ammonium acetate, 45% MPD; 100 mM Tris 

pH 8.2, 45% MPD). The crystals were directly flash-frozen in liquid nitrogen. Protein labeled with 

selenomethionine was crystallized under the same conditions. 
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2.2.4.6 Data Processing of Conventional X-ray Crystallography Data 

The raw images of the single cryo-X-ray crystallography data were indexed, scaled, and converted to 

suitable formats with the XDS program suite (Kabsch, 2010). Usually, the resolution cut-off was made at 

CC-half values of 75%. Exceptions were made, when I/sigma and/or completeness appeared in low 

qualities. For the I/sigma threshold the cut-off value of 1.7 was never undercut. Strong fall off patterns in 

completeness were also rigorously cut off at 95%. At the initial IDXREF step it was aimed for a fit quality of 

cell parameter around 5.0 or better. Data regions exhibiting a mosaicity above 0.3 were excluded. In case 

of the seleno-methionine dataset the processing was performed with SADABS/XPREP (Sheldrick, Bruker). 

In latter case the quality thresholds were the same as before and the cut-off for SAD phasing was made at 

an anomalous correlation of 30%. 

2.2.4.7 Data Processing of Serial X-ray Crystallography Data 

The raw data of the lysozyme and Dd myosin2 measurements were merged to stream files by Dr. Oleksandr 

Yefanov, using the CrystFEL software suite 0.6.1 (White et al., 2012). Final processing and HKL-file 

generation was performed by me, using CrystFEL and the subprogram partialator for scaling, partiality and 

post-refinement (Ginn et al., 2015; Uervirojnangkoorn et al., 2015). The crystal cell parameters were 

obtained with the cell explorer. 

2.2.5 T-Jump Crystallography 

2.2.5.1 Sample Delivery 

For fast scanning of fixed targets below ambient temperature and under humid helium atmosphere the 

group around Meets developed the Roadrunner III goniometer (Meents et al., 2017; Roedig et al., 2017). 

This system uses Roadrunner III serial crystallography chips by Suna precision which were either applied 

by pipette addition method, or directly crystalized on chip. Common chips of this kind are made from 

silicon and exhibit a total size of 36.5 x 13.2 mm², whereas the crystallization space is three times 10 x 0.5 

mm². The membrane thickness is 25 µm while the pore size can differ. Usually 15 µm pores are used, which 

resulted in a capacity of 30,000 crystals per chip at its maximum. The on-chip crystallization was performed 

in 3D-printed crystallization chambers. All chip-related equipment was developed and manufactured by 

the group of Dr. Alke Meents (DESY) and Suna precision. As the first step, the chips were inserted to the 

chamber, containing 2 to 6 mL reservoir solution. Protein solution (100 to 200 µL) was mixed 1:1 (v/v) with 

reservoir and 1:10 (v/v) seed solution. Subsequently, the final mixture was applied to the chip and the 

chamber was sealed. The crystals were incubated overnight at 18 °C. Final preparation steps took place 
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under constant flow of humid helium. The chips were inserted to the humid chamber, preventing exposure 

to dry atmosphere. Soaking procedure was performed by pressing a soaking sheet under the chip to 

remove residual solution and position the crystals to the grid holes. Then the chip was transported in a 

humid chamber and subsequently mounted on the goniometer, still preventing any exposure to dry 

ambient air. Micro-crystals applied by pipette addition procedure were grown in batch or generated by 

destroying larger crystals with seed beads. Crystal solution was pipetted on the chip and subsequently the 

same soak through method and further steps were performed as described before. The overall work flow 

and technical steps are illustrated in Figure 13. This work focused on crystal generation, micro-

crystallization development, on-chip crystallization, sample delivery optimization, and data procession for 

structure model building. 

 

Figure 13: Flow diagram illustration of temperature jump crystallography. a) As first step classic vapor diffusion crystallography-
generated crystals were grown. b) The crystals were transferred to reaction tubes with seed balls. c) Seed/protein/precipitant 
mixture was given on the silicon chip to grow on chip crystals. Lower right corner shows grown micro-crystals. Panel e) shows 
the drying/unsoaking station (upper image) and the Roadrunner III goniometer (lower image). Panel (f) shows a diffraction image 
of Dd myo-2 on 1M Jungfrau detector at ID09 beamline of ESRF synchrotron. 

2.2.5.2 Serial Crystallography Measurements 

The Roadrunner III goniometer setup was installed on both XFEL and synchrotron beamlines by the group 

of Dr. Alke Meents (DESY). The initial proof of principle measurements with lysozyme were performed at 
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the ESRF ID-09 beamline, likewise the measurements of Dd myosin2. The serial crystallography structures 

of human NM2B-2R were obtained at the European XFEL.  

To induce a temperature jump (T-jump) in the protein crystal we used a single diode 1490 nm infrared (IR) 

laser. The IR laser excitation was performed by using an IR inline microscope equipped with a 10x IR 

objective and a central 0.5 mm drill hole. As illustrated in Figure 14, the laser light is coupled into the inline 

microscope using a multimode fiber with a diameter of 100 μm. With a three times demagnification this 

results in a 33 μm laser spot. We require 1490 nm laser pulses of nanosecond duration with an energy up 

to 400 μJ per pulse and a repetition rate of 120 Hz. We estimated the heated protein crystal volume to 

100 pL, so the temperature will relax to the initial value within the tens or hundreds of milliseconds due 

to the dissipation of heat to the surroundings. For photon detection we used a 1 M Dectris Jungfrau 

detector. 

 

Figure 14: Digital 3D blue print of the Roadrunner III goniometer. a) Sketch of the Roadrunner III goniometer, right: inline 
sample viewing microscope for through-the-lense excitation of the crystals with the IR-laser. B) Chip holder with collimator for 
X-ray beam. The drawing is from Tolstikova et al., 2019. 

2.2.6 Structure Solving and Refinement 

2.2.6.1 Molecular Replacement 

The molecular replacement was performed in the Phenix software suite, which uses the Refmac algorithm 

(Afonine et al., 2012). For X-ray crystallography data of known structures, phases of reference model can 

be used to calculate initial electron density maps. In case of Dd myosin2 and human NM2B-2R the 

structures with the PDB codes 2JJ9 and 4PD3 were used, respectively (Fedorov et al., 2009; Münnich et al., 

2014). For Lysozyme the structure with the PDB code 5MJJ was used. The search parameters for molecular 

replacement were set to full automated and a resolution cut-off was set to 3.5 Å. 
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2.2.6.2 Structure Refinement 

Structural refinement is a cyclic alteration of human interpretation of calculated electron density maps 

and recalculating the maps with the modified structure model. For manual modification of the model the 

coot software package was used (Emsley & Cowtan, 2004). The refinement calculations were performed 

with the Phenix software suite and the Refmac5 algorithm (Afonine et al., 2012; Liebschner et al., 2019). 

The structure manipulation was guided by 2fOfC and fOfC electron density maps, calculated by Refmac5. 

After final protein structure refinement, the solvent, ions and other small molecules were placed manually 

in adequate densities. Final structures were tested by the official wwPDB validation server 

(https://validate-rcsb-1.wwpdb.org/).  

2.2.6.3 Ab initio Structure Solving with SAD 

Calculation of phases with SAD was achieved by a single peak data collection of seleno-methionine labeled 

Cdc8p (Rice et al., 2000). The dataset was indexed and merged with SADABS 2.03/XPREP (Bruker Software). 

The calculated phases were used for density modification calculations in the CCP4 suite and the parrot 

algorithm (Winn et al., 2011). The initial electron density maps after density modification showed shapes 

of short α-helical segments. In these segments protein helix seeds were placed and fitted with Coot. Then 

the model was refined with Phenix/Refmac5 over five cycles with subsequent density fit of the model into 

the refined density (scheme of model building procedure in Figure 15). Between model building and 

refinement occasional model morphing was applied with Phenix (Terwilliger et al., 2012). The model 

morph procedure distorts the model to fit closer to the unbiased calculated electron map in reciprocal 

space. After various refinement cycles, first sidechain densities emerged. These were initially filled with 

glutamates, one of the most abundant amino acids in the Cdc8p protein. By completion of long coiled coil 

segments the side chain electron densities clarified and according residues were implemented, started 

with very prolonged side chains of lysine and arginine. As anchor point for sequence assignment the 

voluminous outstanding side chains of phenylalanine, tyrosine and seleno-methionine were used. In later 

refinements the Hendrickson-Lattman coefficients were calculated for the specific model to calculate 

density maps with enriched contrast to increase the model quality (Hendrickson et al., 1970). 
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Figure 15: Schematic representation of the model building and refinement cycle leading to the solution of the Cdc8p structure. 

After density modification, suitable electron densities were used for placing helix seeds. Elongation of these initial seeds was 
performed by manual building followed by refinement cycles with occasional morphing, and the use of new emerging densities 
during refinement. Subsequently, side chain electron densities were assigned. 

2.2.7 B-factor Analysis 

To compare several Lysozyme structures after different time points of infrared laser induced temperature 

jumps, B-factor distributions were analyzed. B-factors are strongly influenced by model and electron 
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density environment, thus for each structure the exact same refinement procedures were performed 

(Chapter 2.2.6.2). Resulting B-factors were modified with a derivative of Equation 4, to compare it on a 

scale from 1 to 3, which is commonly used for proportional scaling in Pymol: 

 

Equation 7:  Bx-scaled(i) = 2*[Bx(i) – Bmin(i)] / [Bmax(i) – Bmin(i)]+1 (after Chapter  1.2, Equation 4) 

2.3 Coiled Coil Structural Analysis 

2.3.1 2.3.1 Coiled Coil Architecture Analysis  

Initially the coiled coil architecture features of both Cdc8p conformers were analyzed with the TWISTER 

program (https://pharm.kuleuven.be/apps/biocryst/twister.php; used August 2019, Strelkov & Burkhard, 

2002a). This algorithm generates at first step three axis traces, two helix axes of the dimer helices along 

the filament and one coiled coil axis, an average of the helix axis. The helical axis is defined by residue 

specific coordinate called On, where n corresponds to the respective residue of the protein chain. This 

coordinate is calculated on basis of Cα-atom coordinates of n-1 to n+2 α-carbons (Figure 16a). These 4 

consecutive α-carbons (An-1 to An+2) are used for forward and backward calculation to generate the 

coordinates On and On+1. These coordinates are a result of the bisection of angles of the direct backbone 

connection at An and An+1 (Figure 16a). The bisections are called ln and ln-1, showing perpendicular angles 

to the connection of On and On+1. Latter connection represents the helix axis trace of the residue n. This 

implies that the trace of terminal residues is not calculable. The coiled coil axis trace is calculated by the 

middle point (Cn) of the connection of the corresponding On coordinates of the individual helices. Latter 

connection also represents the interhelical radius (Figure 16b). Further local parameters like the Local 

Bending Angle (LBA) and Local Staggering Angle (LSA) can be calculated as a function of the residue 

number. For this we used the visual program VMD (Humphrey et al., 1996). One important parameter is 

defined as the coiled coil phase yield Δωn, which is the local pitch length of a specific residue pair. It is 

calculated by the averaged dihedral angles of (𝑂𝑛−1𝑚 𝐶𝑛−1𝐶𝑛𝑂𝑛𝑚) and (𝑂𝑛+1𝑚 𝐶𝑛+1𝐶𝑛𝑂𝑛𝑚), where m and n 

represent a consecutive residue pair. The architecture of coiled coils is classically described by interhelical 

radius, local bending, and local tilt shifts (Brown et al., 2001; Brown et al., 2005; Nitanai et al., 2007; 

Strelkov & Burkhard, 2002). As described by Nitanai et al. (2007) the LBA is calculated by generating two 

axes along the coiled coil trace, using +/-7 residues. The angle between these axes represent the local 

bending of the coiled coil (Figure 16c). The LSA describes the shift of two helices to each other, using a 

specific residue n as reference. To resolve single helical tilts, we used the calculation method depicted in 
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Figure 16d with a +/- range of one residue. For comparison of our two conformers we previously identified 

the two helices as leader and slave strand. Whereas one helix is nearly unaffected by the central heptad 

break, the other strand shows a chicane-like nature. For LSA calculation the leader helix (Figure 16d, helix 

1) is used as reference and the angle γLsA is calculated on this side of the central coiled coil trace. Another 

parameter relating to the central coiled coil axis is the pitch length. This length corresponds to a full turn 

of a coiled coil and a mathematically perfect coiled coil has 135 Å. Due to disturbances in knob into hole 

interactions of the hydrophobic core, the pitch can vary locally. Thus, local coiled coil axis show variation 

in length (distance of Cn to Cn-1, see Figure 16b), determining the coiled coil rise per residue after following 

equation: 

 Equation 8:  𝐻𝑛 = (|𝐶𝑛−1 ∗ 𝐶| +  |𝐶𝑛𝐶𝑛+1|)/2 (Strelkov & Burkhard, 2002) 

 

Local pitch calculations were performed with TWISTER, using following equations for pitch calculation: 

 Equation 9:  𝑃𝑛 = 𝐻𝑛  × 2𝜋 / |𝛥𝜔𝑛|   (Strelkov & Burkhard, 2002) 

 

 

Figure 16: Coiled coil architecture analysis. a) The calculation scheme of helical axes by TWISTER algorithm, depiction from 
Strelkov & Burkhard 2002 Figure 1a, modified. b) The calculation scheme of interhelical radius by the TWISTER algorithm, 
depiction from Strelkov & Burkhard 2002 Figure 1c, modified. c) The calculation scheme of Local Bending Angle (LBA) after 
Nitanai et al., 2007. d) The calculation scheme of Local Staggering Angle (LSA) after Nitanai et al., 2007, with differing range scale. 
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2.3.2 Overlap Complex Angle Analysis 

In order to characterize the twisting and linearity geometry of tropomyosin overlap complexes, two 

parameters were defined by Li and colleagues (2014). The first parameter, omega (ω), describes the 

linearity of both chains and determines the grade of bending along the overlap complex (Figure 17). The 

coiled coil and helical axis coordinates were taken from TWISTER analysis (Chapter 2.3.1) and angles were 

measured with VMD. The twisting angle Theta (θ) was measured by the angle of the triangular planes 

r1(P1, P2, P3) and r2(P4, P5, P6), respectively. Where plane r1 was defined as plane of point P1, P2, and P3. 

The points P1 and P2 are the helix axis coordinates of residue 158 (residue -4 in regard to the C-terminus), 

taken from the TWISTER analysis (cross ref). The point P3 is defined by the coiled coil axis coordinate of 

residue 147 (residue -14 in regard to C-terminus). For the N-terminus Li and colleagues (2014) used for the 

points P4 and P5 the residues 5, which is due to the introduced non-native acetylation mimic. For the 

Cdc8p calculations the residue 4 was used, analogue to the -4 position of P1 and P2. For P6 the coiled coil 

axis coordinate of the residue 14 was used. The angles of both planes were calculated with VMD. The 

angles were calculated with following equation: 

 Equation 10:   cos(𝜃) =  𝑟1→  𝑟2→ ‖𝑟1→ ‖ ‖𝑟2→ ‖  for 0 <  𝜃 <  𝜋  (Li et al., 2014) 

 

Figure 17: Organization and geometry parameter of the Tpm overlap complex. From Li et al. (2014, Figure 2), modified. The 
angle of both coiled coil axes determines the bending angle ω. The twisting angle θ is defined by the angle of the triangular 
planes r1(P1, P2, P3) and r2(P4, P5, P6), respectively. 
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2.4 Molecular Dynamics Simulations 

2.4.1 Molecular Dynamics Simulation of Individual Cdc8p Dimer  

The structural model of Cdc8p conformer 2 was used for molecular dynamics simulations of individual 

Cdc8p dimers. The simulations were performed with NAMD 213-cuda and the CHARMM36 force field 

(Huang & MacKerell, 2013; MacKerell et al., 1998; J. C. Phillips et al., 2005). The full-length structure of 

conformer 2 was prepared and optimized using the Maestro protein preparation wizard (Schrödinger Inc.) 

with hydrogen and ionization state calculation. Subsequently, the ionized water box was built with VMD 

193, border spacing of 15 Å and ionic strength corresponding to 150 mM NaCl to neutralize charged 

residues. In a second simulation the impact of N-terminal acetylation was explored. The in silico acetylation 

was performed in Maestro. Energy minimization was performed over 200 steps with GPU-accelerated 

NAMD and system equilibration over 5000 steps with 1 femtoseconds per step. Subsequently, a 50 

nanosecond simulation was performed with 2 femtoseconds time steps.  

2.4.2 Molecular Dynamics Simulation of Cdc8p Mini-filaments  

Conformer 2 mini-filaments composed of three Cdc8p dimers, interacting in a head-to-tail fashion, were 

extracted with Coot and used for molecular dynamics simulation including the overlap complex (Emsley & 

Cowtan, 2004). the simulations were performed with NAMD 3.2 and the CHARMM36 force field (Huang & 

MacKerell, 2013; MacKerell et al., 1998; J. C. Phillips et al., 2005). The simulations were performed with 

and without in silico acetylation. Models were prepared and optimized using the Maestro protein 

preparation wizard (Schrödinger Inc.). The ionized water box was built with VMD 193 with a border spacing 

of 15 Å around the molecule. Charged residues were neutralized with sodium and chloride counter ions. 

Initial equilibration involved 200 steps for side chain energy minimization followed by 5000 steps for 

combined backbone and side chain energy minimization. Step length was set to 1 femtosecond. This short 

equilibration time was chosen as the changes were expected to occur during the first nanoseconds. The 

overall simulation time was 50 nanoseconds with 2 femtosecond step size. 

2.4.3 In silico Acto-tropomyosin co-Filament Reconstitution  

The reconstitution of the Cdc8p decorated Schizosaccharomyces pombe (Sp) actin filament was performed 

by partial fit modelling (Orzechowski et al., 2014). The bare Sp actin filament was homology modeled 

(Waterhouse et al., 2018) using the structure of filamentous human α-actin decorated with Tpm1.1 (PDB 

code 5JLF) (von der Ecken et al., 2015). The initial Cdc8p contact orientation was performed by 
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superimposing negatively charged clusters 1 and 2 onto Tpm1 (cluster 1 is residue E14 to E26: 

ETDEAVARAEAAE, cluster 2 is residue E54 to E63: ESQLEELEEE, cluster 3 is residue E89 to D99: 

ELLEEELETND, cluster 4 is residue E127 to E139: ERERDDMEQKLEE). To this end, conformer 1 was used, 

due to the implied super-helical nature. After initial energy minimization and 1000 equilibration steps, the 

Cdc8p dimer was simulated for 5 nanoseconds. This procedure was repeated four times, during the third 

simulation it was seen how the entire Cdc8p dimer came into contact with the actin filament. Initial two 

contact points were defined as the two N-terminal negatively charged clusters Cdc8p (cluster 1: D16 to 

E26; cluster 2: E54 to E61) with actin residue K325 and K327. After equilibration of the first Cdc8p dimer, 

the actin bound mini-filament was built by 230 Å longitudinal translation along the filament in both 

directions. The overlap complex was reconstituted by deleting the N- and C-terminal 16 residues of the 

equilibrated filament model and substituting these regions with the experimental structure (Orzechowski 

et al. 2018). The substitution was performed using Pymol. Subsequently, the model was refined by 

molecular dynamic equilibration to a total simulation time of 55 nanoseconds. 
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3 Results 

3.1 Protein Purification 

3.1.1 Protein Purification Dd Myosin2 

Within the myosin family, Dd myosin2 is one of the best described proteins exhibiting crystal structures of 

various conformations. Furthermore, in Dd shaking culture, this protein can be produced in large quantities 

(50 to 100 mg of protein per 14 L of cell culture), which is currently a premise for serial crystallography. Dd 

myosin2 was shown to be a target for pharmacological chaperones, exhibiting a stabilization and refolding 

effect upon EMD binding (Radke et al., 2014). The high purity of Dd myosin2 is shown on Coomassie gel 

after gel filtration (Figure 18a) and is necessary for crystallization setups and maximized diffraction to 

highest possible resolutions. The Dd myosin2-SSB (1-765) construct was used after Manstein and 

colleagues (1995) (Fedorov, Bohl, et al., 2009). 

3.1.2 Protein Purification Human NM2B-2R 

The motor domain of human Nonmuscle Myosin-2B (NM-2B) fused to an artificial lever arm, consisting of 

two alpha-actinin repeats (2R) with a C-terminal His-Tag can be produced in Human NM2B-2R is produced 

in the Baculovirus/Sf9 insect cell system. The use of this system is essential to obtain correctly folded and 

fully functional protein, but the yield is less compared to expression of Dd myosin2. The overall purification 

yield is around 8 mg per 3 L and is sufficient for the planned serial crystallography experiments. In Figure 

18b NM2B-2R is shown after gel filtration.  Compared to Dd myosin2 it exhibits more impurities, which is 

characteristic for this purification. Nevertheless, these impurities account for less than 1% of overall 

protein, as determined by densitometry analysis with the program imageJ. For crystallization the protein 

was concentrated to ~5 mg/mL. 

3.1.3 Protein Purification Cdc8p 

The initial Cdc8p protein batches in unacetylated and N-terminally acetylated variants were produced in 

Prof. Daniel Mulvihill’s laboratory (University of Kent, Canterbury, UK). The expression system was 

established subsequently in the Manstein laboratory, where Cdc8p expression, purification and 

crystallization were optimized and further refined. Both protein variants were concentrated to ~8 mg/mL 

for crystallization trials, based on initial experiments performed by the Mulvihill laboratory. To overcome 
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the phase problem in X-ray crystallography experiments, we decided to use seleno-methionine labeling. 

This labeling method is a well-established in the E.coli expression system (Studier, 2005). The final protein 

was very clean and showed only minor fraction of impurities, as shown in the right panel of Figure 18c. 

 

Figure 18: Protein purification analyzed by SDS-PAGE. a) Dd myosin2-SSB (89.9 kDa); b) human NM2B-2R (119.7 kDa) pool 
fraction following gelfiltration; c) Sp Cdc8p (19 kDa). 

3.2 Crystallization & X-ray Crystallography Experiments 

3.2.1 Conventional X-ray Crystallography 

3.2.1.1 Cdc8p Crystallization 

Both acetylated and non-acetylated Cdc8p crystallize in 40% to 50% MPD and the pH range from 7.5 to 

8.2. The best diffracting crystal for unacetylated Cdc8p grew in 1 M TRIS pH 8.2 and 45% MPD, whereas 

the best diffracting seleno-methionine containing crystal grew in 0.1 M TRIS pH 7.8, 0.15 M ammonium 

acetate, and 40% MPD (Figure 19). MPD concentrations equal to or greater than 40% serve as effective 

cryo-protectant, hence all crystals were directly flash frozen in mother liquid and stored at -196°C. As the 

Cdc8p crystals were difficult to handle with the conventional MiTeGen Crystal Mount loops, we used larger 

200 µm loops for the fishing and mounting of 75 µm crystals.  
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Figure 19: Cdc8p crystallization. a) Unacetylated Cdc8p crystals imaged with a digital camera equipped with polarization filter. 
The red circle indicates a crystal that diffracted to 2.2 Å. b) Selenomethionine labeled Cdc8p crystals imaged with polarization 
filter. The red circle is centered on a crystal that yielded a 2.66 Å SAD dataset. 

3.2.1.2 Cdc8p Data Collection 

At the BM30A beamline of the ESRF Synchrotron in Grenoble (setup November 4, 2016), the unacetylated 

Cdc8p dataset was collected at a wavelength of 0.9797 Å with an ADSC Q315 detector and a distance of 

201 mm from the crystal. The exposure time was 10 seconds per 0.5° of rotation. This resulted in a dataset 

with an adequate resolution cutoff of 2.2 Å exhibiting the spacegroup 1 (unit cell parameters: a = 23.2 Å, 

b = 38.5 Å, c = 98.7 Å, α = 94.5°, β = 91.8°, γ = 103.0°). The final CORRECT.LP table shows at 2.2 Å an I/Sigma 

of 1.93 and a CC-half of 97.7%, which were chosen as suitable cutoff indicators (Table 3a). 

Table 3: Cdc8p unacetylated data. The final Table of XDS-processed unacetylated Cdc8p dataset, located in the CORRECT.LP file. 
An adequate resolution cutoff was made at 2.2 Å, based on I/Sigma and CC-half values 

 

At the PETRA-III beamline P14 on the DESY campus in Hamburg (setup June 13, 2019), the seleno-

methionine SAD phasing experiments took place. Prior to measurement, an energy scan was performed 

to determine the correct wavelength for SAD phasing experiment (Figure 20).  
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Figure 20: Selenomethionine energy scan. a) Energy scan around the expected selenium absorption peak. b) the first and second 
derivative of the original energy scan depicted in panel a. 

Observing a significant peak at 12.662 keV, the wavelength was set accordingly to 0.9795 Å. The dataset 

was collected over 360° with low transmission (4% transmission with 20% preset filter), 0.1° rotation per 

image, and 40 ms exposure time. This resulted in a dataset with a conservative resolution cutoff of 2.66 Å 

and an anomalous signal up to ~4 Å, exhibiting the spacegroup 3 (unit cell parameters: a = 46.5 Å, b = 77.6 

Å, c = 108.112 Å, α = 90.2°, β = 94.3°, γ = 90.2°). Table 4 shows the final CORRECT.LP Table after XDS 

processing. Due to the drop of completeness at higher resolutions the conservative threshold of 50% R-

meas was applied, which resulted in resolution cutoff of 2.66 Å. 

Table 4: Cdc8p SAD data. The final Table of XDS-processed seleno-methionine labeled Cdc8p dataset, located in the CORRECT.LP 
file. A conservative resolution cutoff was made at 2.66 Å, due to the quality drop in higher resolution shells. 

 



Results 

50 
 

3.2.1.3 Cdc8p Structure Building and Refinement 

The Cdc8p crystals showed unusual small unit cell parameters for the approximately 230 Å long protein (a 

= 23.2 Å, b = 38.5 Å, c = 98.75 Å, α = 94.4°, β = 91.8°, γ = 103.0° and a = 46.3 Å, b = 77.5 Å, c = 107.9 Å, α, γ 

= 90.0°, β = 94.3°). This is a feature that has previously been observed for other long coiled-coil proteins 

(Blankenfeldt, 2006; Brown et al., 2001; Minakata et al., 2008). We obtained low resolution phases from 

incorporated seleno-methionines via SAD experiments (<3 Å). Due to the poor phase quality, several 

refinement rounds with manual extension were required to generate a complete Cdc8p model (Afonine 

et al., 2012; Vagin et al., 2004). Model building was performed manually. 

Initial phase calculation and density modification was performed using Phaser and PARROT in the CCP4 

suite. The initial electron densities showed several helical shaped volumes (Chapter 2.2.6.3), which were 

used to manually place poly-alanine helices in Coot. These seed helices were refined with Refmac5 in the 

Phenix software suite for five cycles. In those cases where an afresh calculated map showed improved, 

clearly connected densities in the region of the seed helices, the poly-alanine models were manually 

elongated or reoriented. Helix seeds in regions where no improvement in electron density was observed 

were removed. To locally enhance the model quality, a Phenix model morph was performed for every third 

refinement cycle.  This procedure was efficient for the initial unbiased placement of the helices. At later 

stages this procedure was not necessary anymore, as refinement was performed using model derived 

Hendrickson–Lattman coefficients. After cyclic elongation and refinement to a chain length of about 50 

residues, the side chain electron densities appeared. Densities of large residues (tyrosine, phenylalanine 

and seleno-methionine) were used for protein sequence orientation and assignment. Final structural 

refinements showed distinct densities for two complete Cdc8p dimers, with all 161 residues for each of 

the four polypeptide chains in the asymmetric unit being resolved. The final Rwork/Rfree values are slightly 

higher than the median of all PDB structures of the respective resolution (Read et al., 2011). Higher Rfree 

values and weaker geometry quality for coiled coil proteins were observed before (Blankenfeldt et al., 

2006; Y. Li et al., 2003; Taylor et al., 2015). 
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Table 5: Crystallographic data collection and refinement statistics for Cdc8p. 

 

3.2.1.4 Dd Myosin2 Crystallization 

The goals associated with Dd myosin2 crystallization were identification of the EMD 57033 binding site 

and creating suitable seeds for micro-crystallization experiments. First screens around known 

crystallization conditions (Fedorov et al., 2009) yielded well diffracting crystals. To improve the solubility 

of EMD 57033, DMSO was added to the crystallization mix already before the addition of the allosteric 

effector molecule. Several concentrations of DMSO and EMD 57033 were tested for co-crystallization. The 

highest EMD 57033 concentration achieved was 625 µM with a final concentration of 5% DMSO. The 
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resulting dataset was processed with XDS. The resolution cut off was set to 2.61 Å using cc-half and I/sigma 

values as reference. The helical scan produced a homogenous dataset with very high redundancy. 

Molecular replacement was performed using the Phaser algorithm included in the Phenix software suite 

(version 1171-3660). The resulting model was initially refined with Refmac5 including cartesian annealing. 

This was followed by manual model refinement in Coot and subsequent automatic refinement with Phenix 

refine. The refinement procedure was repeated until a Rfree of 0.2873 was achieved. The same procedure 

was applied for datasets, derived from co-crystallization experiments with EMD 57033 and EMD 60263 

(Table 8). The resolution cut-off was applied at 2.95 Å and 3.12 Å, respectively (Table 8). In fofc electron 

density maps, large contiguous electron densities were sought in which EMD 57033/60263 could fit, using 

Coot Ligand Fit and subjective perception. No suitable electron density has been found, so far.  

Table 8: Crystallographic data collection and refinement statistics for the NM2B-2R structures.  

Outer shell features are listed in brackets. 

 

3.3 Serial X-ray Crystallography 

3.3.1 Dd Myosin2 Micro-Crystallization 

At the beginning of this work, no protocol for the micro-crystallization of myosin motor constructs had 

been established. To establish a batch crystallization protocol, suitable seeds were targeted. Therefore, 

crystals of Dd myosin2 were grown in classic vapor diffusion plates and setup (Figure 22a). The crystals 

were collected and crushed using a 10 µL pipette tip upon transfer into a 200 µL PCR reaction tube. Any 
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remaining crystal fragments were collected and transferred by washing the well twice with 2 µL of 

reservoir solution. This combined solution served as seed solution. Micro-crystallization was performed in 

batch by mixing 50 µL of freshly thawed protein trapped in pre-powerstroke state with 50 µL of reservoir 

solution (as described in Chapter 2.2.4.1). Then, 5 µL seed solution was added and mixed by short vortexing 

for 5 seconds. This was followed by incubation at 18°C over night. Obtained crystals ranged from 10 to 50 

µm. However, loading microcrystals obtained in an initial batch crystallization step on the chip proved to 

be precarious procedure, because pores were frequently clocked by crystal clumps or precipitation when 

excess solution was removed by the soak-through method (Figure 22b). On-chip crystallization proved to 

be more successful. It was performed similar to vapor diffusion experiments, but on a larger scale. Up to 

200 µL of each crystallization mix were applied to the chip surface (32.4 x 12.8 mm² silicone chip, Suna 

precision) for these setups (Figure 22c). Excess solution was also removed by the soak-through method. 

 

Figure 22: Micro-crystallization of Dd myosin2. a) Dd myosin2 crystal seeds grown with vapor-diffusion technique. b) Micro-
crystals grown in batch. C) Micro-crystals grown on silicon Chip. 

3.3.2 Human NM2B-2R Micro-Crystallization 

The initially developed technique of Dd myosin2 micro-crystallization was subsequently adopted and 

optimized for the NM2B-2R construct. The established vapor diffusion crystallization conditions were 

supplemented with 5% DMSO. NM2B-2R (5 mg/mL) was mixed 1:1 (v/v) with the precipitation solution to 

a final volume of 200 µL. The mixture was applied to the chip surface (36.5 x 13.2 mm² silicone chip, Suna 

precision) (Figure 23). After 16 hours of incubation at 18°C, the volume decreased to a thin liquid film and 

crystals formed. For co-crystallization experiments the precipitation solution was supplemented with 625 

µM EMD 57033. 
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Figure 23: Micro-crystallization of NM2B-2R. a) Human NM2B-2R crystals grown on silicon chip (Suna precision) with vapor-
diffusion technique. b) Micro-crystals grown in batch for seed generation and/or soaking load procedure. 

3.3.3 Initial T-Jump Experiments 

3.3.3.1 Dd Myosin2 pink beam crystallography 

So far, the yield of Dd myosin2 micro-crystals diffracting to high resolution is limited. The maximum 

diffraction reaches 3.5 Å, with most micro-crystals diffracting to 5 Å or less. As the overall data quality was 

insufficient for our targeted T-jump crystallography experiments, further processing was not pursued. 

Instead, we focused on the generation of better diffracting samples. 

3.3.3.2 Lysozyme as Initial Test Target 

Initial T-Jump test experiments were carried out at the ESRF beamline ID09 with the Roadrunner III setup 

from December 5th to 9th, 2018. Crystallization of lysozyme was conducted by Dr. Julia Lieske and Dr. 

Sebastian Guenther. Data Processing was performed by Dr. Oleksandr Yefanov and Aleksandra Tolstikova. 

Processed MTZ-files were used by me as paradigm for the analysis of T-Jump experiment datasets. For T-

jump induction, a 1490 nm infrared laser was used. The focus size was 60 µm² and single nanosecond laser 

pulses triggered a local 30°C temperature jump. In addition to the initial ground state, post-T-Jump 

diffraction data sets were collected after 5, 10, 15, 30, 100, 200, and 1,000 µs. Each time point corresponds 

to a single chip collection with 4000 to 6000 single crystal hits. Each dataset was processed in an identical 

manner. B-factors were scaled using Equation 7. Based on data completeness the resolution cut off was 

determined. For most datasets the resolution was cut at 1.8 Å. Data recorded 30 µs or more after the IR-

pulse exhibit a gap of completeness around 2.8 Å and have lower maximum diffraction. In these cases, the 

resolution was cut at 2.3 Å. The overall Wilson-B was slightly higher, compared to earlier time points. In 

Figure 24 the ribbon representations of all states of lysozyme are depicted, using color and thickness as B-

factor indicators. In nearly all states the C-terminus exhibits the highest B-factors. Additionally, two loop 

regions at G 71 to S72 and D101 to G102 show high B-factors. The C-terminus exhibits a B-factor maximum 
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at 5 µs delay, the two prior mentioned loops (G71 - S72 and D101 - G102) show a maximum at 15 µs delay. 

Secondary structures located in the enzyme core, exhibit the lowest B-factors. Regions that are in direct 

contact with the enzyme core exhibit only small changes with the maximum increase occurring after 15 µs.  

 

Figure 24: T-jump crystallography model system lysozyme. a-h) In addition to the ground state, seven time points were 
recorded after the T-Jump. Scaled B-factor is visualized with color (1 = blue, 2 = white, 3 = red) and ribbon thickness (standard 
PyMol scaling, 1 = thin, 3 = thick). i) The scaled B-factor distribution as function of the peptide chain. Color-code is shown in box 
on the right. The 15 µs delay graph is shown in bold and orange. Area between graphs is marked in light orange, when the 15 µs 
delay graph exhibits highest B-factors. 
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3.3.3.3 Human NM2B-2R XFEL serial crystallography 

 Serial diffraction data obtained at the European XFEL were preprocessed from stream files by Dr. 

Oleksandr Yefanov. These stream files were indexed and merged by me, with the help of Dr. Oleksandr 

Yefanov. The dataset of the native NM2B-2R crystals corresponded to a single chip measurement with 

9,984 unique crystals. The unit cell parameters (a = 65.9 Å, b = 159.0 Å, c = 143.5 Å,  α = 90.0°, β =  93.9°, 

γ =  90.0) were comparable to those of NM2B-2R structures obtained by conventional single crystal X-ray 

crystallography. The resolution cut-off was applied at 3.2 Å, based on Rsplit analysis as described by White 

and colleagues (2012). The structure was refined to a final Rfree of 0.3072. The small detector size of 

0.5 megapixel resulted in a greatly limited availability of low-resolution diffraction data. Thus, the 

resolution range used in refinement was 3.2 – 15 Å, whereas maximum protein diffraction was observable 

to 2.24 Å.  

On chip crystallization in the presence of EMD 57033 produced more but smaller crystals.  

To increase completeness at low resolution, the detector distance to the chip was increased. For this 

measurement, diffraction data were collected from 6,748 crystals on a single chip. For refinement, 

diffraction spots in the resolution range 3.4 – 18.8 Å were used. The defined unit cell parameters were: a 

= 66.17 Å, b = 160.87 Å, c = 143.78 Å, α = 90.0°, β = 93.99°, γ = 90.0°. Surprisingly, the unit cell was larger. 

Therefore, it was not possible to calculate an isomorphic difference map calculation (Figure 25). The final 

Rfree in model refinement was 0.3347. Conformational changes or electron density related to the presence 

of EMD 57033 were not observed.  

 

Figure 25: Comparison of XFEL derived structures of NM2B-2R with and without EMD 57033. A cartoon representation of the 

NM2B-2R structure is shown in green. The structure of NM2B-2R, co-crystallized with EMD 57033 is shown in red.  
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3.4 Cdc8p Structure Analysis 

3.4.1 Structure Analysis of Cdc8 – Basic Features 

Each unit cell contains fragments of 44 molecules and 17 symmetry pairs, yielding two discrete full-length 

conformers. The conformers show a different extent of bending in the region next to the hard heptad 

break (residues 69-75, see Figure 26a). Conformer 1 is kinked at an angle of ~23°, while conformer 2 is 

linear (measured with VMD and Twister) (Strelkov & Burkhard, 2002; Humphrey et al., 1996). The outer 

surface around the kink of conformer 1 interacts with two symmetry mates of conformer 2 (in Figure 26a 

only one symmetry mate of conformer 2 is displayed). Conformers 1 and 2 are shifted in crystal space by 

approximately 20 Å, such that their contact regions involve patches with residues of opposite charges 

(Figure 26b). Head-to-tail contacts leading to the formation of filament-like arrays are observed for both 

conformers, with each filament-like array containing only one type of conformer. The head-to-tail contacts 

resemble the unacetylated overlap complex. They represent the first high resolution structures that reveal 

the extent of interchain contacts in the overlap region of a full-length tropomyosin. Both conformers do 

not show superhelical screwing of higher order, which has been observed in various Tpm1 fragment and 

full length structures in the absence and presence of actin filaments (Orzechowski et al., 2014; Hitchcock-

DeGregori & Barua, 2017) (Table 2, Figure 26). One can argue that the conformers represent trapped states 

that are subjected to different elastic and torsional loads. For the linear conformer the B-factors are higher 

in the overlap and near the central heptad-break region, which can be seen to represent a more relaxed 

state (Figure 26e). In contrast, the kinked conformer exhibits lower B-factors, which is most probably the 

result of increased strain and crystal contact to symmetry neighbors. 

3.4.2 Residue Interactions of the Overlap Complex 

The overlap complexes formed by conformer of type 1 and 2 show distinct structural features. In both 

conformers one helical backbone end is flipped outwards (Figure 26e, green arrows), where the terminal 

methionines are loosely interacting with crystal neighbors. Based on a comparison of Cα positions along 

the filament axis, the overlap region comprises nine residues for the linear, more relaxed conformer 2 

(Figure 26d) (VMD measurement). The kinked and less relaxed conformer 1 exhibits a reduced overlap of 

eight residues (Figure 26c+d), which goes along with a more open nature (Figure 26). The predominant 

interactions are van der Waals (VDW) contacts and hydrogen-bonds (H-Bond, Figure 27). In the case of 

conformer 1, the A’-chain shows a low count of interchain residue interactions compared to the A-chain 

(Figure 27a+c). This is illustrated in the Residue Interaction Network analysis shown in Figure 27c+f 
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(Piovesan et al., 2016). Contacts involve hydrophobic core residues L4, I8, T15 of A’ interacting with the 

respective core residues in chains B and B’ (Figure 27b). The overlap complex of conformer 2 features 

similar asymmetric interactions (Figure 27b+f). Overall, ionic interactions are not as strong as in conformer 

1. Arginine 5 of chain C forms an ionic interaction with aspartate 160 of chain C’. The theta twist angles of 

102.3° and 106.4° observed for conformers 1 and 2 (Table 9) are high compared to MD-relaxed structures 

of Tpm1 and Tpm3 overlap complexes (Janco et al. 2019).  

 

Figure 26: Cdc8p structure overview. a) An overview of the two conformers found in the crystal, shown in volume 
representation: the blue/cyan conformer 1 is kinked, whereas the magenta/green colored conformer 2 is straight. In ribbon 
depicted are the symmetry mates contributing to the overlap regions b) Longitudinal oriented conformers in ribbon and 
transparent volume representation. c) + d) The respective overlap complex in ribbon representation. The degree of overlap, 
regarding the α-carbons is indicated. e) The B-factors of the two conformers are shown according to a blue-white-red gradient 
chart, where red corresponds to high and blue to low B-factors. Green arrows indicate outwards oriented methionines. 

Table 9: Overlap complex geometry. The overlap angle 
parameters for known structures, dockings (Li et al. 2014, Janco 
et al., 2019) and the Cdc8p conformers. The structures marked 
with an asterisk are MD relaxed. Tpm3.1 structures are 
homology models. 
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Both conformers show twist angles that are similar to the over-twisted Tpm3.1 model with bound ligand 

ATM-3507 (Janco et al., 2019). Due to the linear character of conformer 2, the observed omega angle 

corresponds to 0.45°. In contrast, the kinked conformer exhibits a large angle of 15.5°, comparable to the 

large values obtained for Tpm3.1 in the presence of ATM-3507 (Janco et al. 2019). This is likely to represent 

close to maximum bending in the context of tropomyosin overlap dynamics. 

 

 

Figure 27: Overlap complex and kink residue interactions. a+b) The residue contacts of the respective conformers including the 
range of interaction. c+f) The Residue Interaction Network depicting the residues as filled circles with respective chain colors: 
yellow = VDW, cyan = H-Bond, blue = Ionic (Piovesan et al., 2016). d+g) Ribbon view of the kinked heptad break region. Stick 
representation of crucial residues K70, E74 and D75. e+h) Simplified contacts of the kink region. Ionic stabilization by lysine 
interaction with glutamate/aspartate and the kink-supporting alanine. 
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3.4.3 Role of the Central Bandshift Heptad Break 

The prominent kink of Cdc8p results from a break in the heptad repeat, which can be regarded as a 

stammer resulting in overwinding (Brown et al 1996). The addition of three residues leads in this specific 

case to a transition of the ‘d’-band to the a-band at position E74, which can be described as new stammer 

variant, referred to as ‘a’-‘d’ bandshift (Figure 33). The positioning of glutamate 74 at the ‘d’ position 

stabilizes the formation of a kink via the ionic interactions with lysine 70 (Figure 27d+e and f+g). This 

asymmetrical character of the dimer chains can be observed in both conformers. The ‘a’-‘d-bandshift 

leaves one chain nearly unaffected, but allows the complementary chain to change into a kinked structure 

with strong local overwinding (Chain B and chain D respectively). The structural perturbation observed for 

the linear conformer 2 resembles a chicane-like double kink (Figure 28c+d).  

 

Figure 28: Structural consequence of the central Cdc8p heptad break. a) Alternative ‘a’- and ‘d’-band representations of an 
ideal coiled coil. The α-carbons of the “a-layer” residues are shown as blue spheres and α-carbons of the “d-layer” are shown in 
orange. b) Heptad repeats of Tpm1, which is considered to correspond to a molecule with nearly ideal heptad pattern. c) 
Alternative ‘a’- and ‘d’-band representations of conformer 1. The left panel visualizes the ‘d’-band transition into the a-band. 
The right panel shows the bandshift as ribbon representation. Glutamate 74 in the center of this transition is shown in yellow. 
Whereas the green master strand matches the ideal coiled coil almost perfectly, the magenta slave-strand is bending in a 
chicane-like manner. d) The bandshift of the heptad repeat is the result of three additional residues (KTE). Bold residues indicate 
the main ionic stabilizer for bandshift stabilization. 
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3.4.4 Coiled Coil Architecture Analysis 

Evaluation with the coiled coil analysis program TWISTER (Strelkov & Burkhard 2002) shows that the pitch 

varies locally along the filament and total coiled coil turns of 1.78 for conformer 1 and 1.82 for conformer 

2 can be measured. The ~90° phase shift orientation also corresponds to the longer low molecular weight 

tropomyosin, exhibiting ~2.75 turns of the coiled-coil per molecule. This three quarter pitch relates to the 

non-integral number of repeats, so the actin interacting residues are consistent along the thin filament, 

despite overlap complex and superhelical winding (Hitchcock-DeGregori & Singh, 2010). Based on full 

length and fragment structures of Tpm1, the average pitch is estimated to be 140 – 148 Å (Brown et al., 

2005; Whitby & Phillips, 2000). Average pitch length of respective Cdc8p conformers 1 and 2 are 131.4 Å 

and 128.5 Å. The overall range bandwidth of interhelical radius is similar to observed ranges of Tpm1 

(Brown et al., 2005; Minakata et al., 2008; Strelkov & Burkhard, 2002). The coiled coil radius distributions 

are very similar for both conformers (Figure 30a), except the region around the kink (residue 50 to 80). 

Here, conformer 1 fluctuates strongly in radius, whereas the conformer 2 transitions smoother into the 

low radius segment of the central heptad break (Figure 30a, dashed line). When comparing Cdc8p with all 

vertebrate Tpm isoforms, no repetition of classic alanine cluster can be found. Only one segment at the N-

terminus (residues A11 to A25) shows a classic alanine cluster with a characteristically low interhelical 

radius and a subsequent 2-3° bend (Brown et al. 2001). Furthermore, three broken core segments with 

high radius can be estimated, which is caused by heptad breaking residues (shown for Tpm1, Minakata et 

al. 2008; Lehman et al., 2019) (Figure 30a). One complex broken core segment is located before the kink, 

where K39 is on d-position and S50on a-position. This results to a broadly connected region with wider 

interhelical radius. Two further broken core regions can be found after the kink, where N98 is located on 

a-position and R130 on d-position. In both of latter cases the broken core segments show high interhelical 

radii (Figure 30). 

Aromatic residues F119 and Y144 are located on ‘a’ and ‘d’-positions, they are associated with low 

interhelical distances. One aromatic residue of the hydrophobic core (Y44) is located in the center of the 

broken core segment of K39 and S50. For all three aromatic residue pairs on hydrophobic core position, 

the π-electron systems are non-stacked and oriented to neighboring residues (Chapter 3.4.5). This allows 

the coiled coil to reach close together to the closest interhelical radii besides the kink. The local staggering 

angle (LSA) (Nitanai et al., 2007) and filament curvature (Strelkov & Burkhard, 2002) are similar for both 

conformers, except for the bandshift break (Figure 29). Different LSA and curvature patterns for the 

different conformers of the same protein were previously demonstrated (Minakata et al. 2008). The 

curvature profile for the kinked conformer 1 displays a prominent kink of 23.2° at the residues 71 to 73 
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(Local bending angle calculated after Nitanai et al., 2007). The coiled coil curvature of the straight 

conformer 2 displays two single kinks in this region which depict the chicane-like character (Figure 28c 

+Figure 30, upper half). The local staggering angle profile for both conformers is similar (LSA calculation 

adapted from Nitanai et al., 2007) (Figure 29, lower half). Two exceptions are both flanking regions of the 

kink. Whereas the staggering of relaxed conformer 2 is mostly negative (90° is unstaggered, <90° is 

negative staggering)(Figure 29d), the tensional conformer 1 is positively staggered in that region (>90° is 

positive staggering) (Figure 29, lower half, blue boxes). The broken core residues as well as the aromates 

on ‘a’ and ‘d’-position are mostly located in unstaggered segments. Only K39 shows slight inversion of 

staggering between the two conformers. For both conformers N98 is located in a negative staggered 

segment.   Local twisting strength is described by the local pitch length (Strelkov & Burkhard, 2002) and is 

for both conformers depicted in Figure 30b. Both graphs are very similar, except minor variation at the 

broken core patterns and the pre-kink segment. The local pitch length pattern of the only classic alanine 

cluster in Cdc8p drops below 100 Å, which indicates strong winding. This is a described pattern for such 

segments (Minakata et al., 2008). The broken core segment between K39 and S50 displays a broad peak 

with low winding. More precisely, S50 is located in the sub average region beyond the peak and K39 in a 

low winding peak. The connection of broken core segments with low winding is also described in literature 

(Brown et al., 2001; Lakkaraju & Hwang, 2009; Minakata et al., 2008). The two broken cores around N98 

and R130 are both located in low winding peaks, which both differ slightly in height and width. The post 

kink aromatic residues on heptad core positions (F119 and Y144) lie in overwinding valleys (Figure 30b), 

exhibiting local pitch lengths between 100 and 115 Å. The bandshift heptad break shows for both 

conformers very strong overwinding with local pitch lengths of approximately 30 Å. 
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Figure 29: Coiled coil architecture of both conformers – LSA and curvature. The left Y-axis and the lower graphs represent the 
local staggering angle LSA (scheme of LSA measurement in bottom left corner). Stagger threshold of 90° is marked with a dashed 
line. The colors are in accordance with an established color code. Blue boxes represent the stagger inversion segments. The right 
Y-axis and the upper graphs represent the coiled coil curvature (scheme of curvature measurement is in top right corner). 
Average curvature of 1.42° is marked with a dashed line. Alanine stagger, kink region, broken core residues, and hydrophobic 
core located aromatic residues are marked 
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Figure 30: Coiled coil architecture of both conformers – Interhelical radius and local pitch length. a) Interhelical radius of the 
coiled coil of the two conformers along the molecule. Tight regions including the kink are additionally marked with the residue 
range. Broken core regions and important residues are marked. Conformer 1 is represented by the blue graph and conformer 2 
by the magenta graph. Scheme of interhelical distance measurement is depicted bottom right. b) Blue and pink graphs represent 
the local pitches of conformer 1 and 2, respectively. Locations of aromatic heptad core residues are depicted in green. Broken 
core residues are shown in black. The overall average pitch length of both conformers is 130 Å and is marked as horizontal, dashed 
lines. Scheme of local pitch measurement is depicted bottom right. 

 

Figure 31: Aromatic residues on heptad core positions. a) Left Y-axis and graph in black shows the initial distance of the Cα-
pairs. Red Y-axis and graph represent the standard deviation of the Cα distance over 50 ns MD-simulation with NAMD. Heptad 
breaking residues are marked with filled red dots. Green filled dots mark the positions of aromatic residues in a/d-positions. 
Green circles indicate stabilized segments with low fluctuation. Hard kink, alanine-cluster, and broken core segments are 
marked. b+c) According pairs of Y44 and Y144 (respectively,) with inter- and intrachain interactions (yellow dotted lines 
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3.4.5 Aromatic Heptad Cores 

In total, Cdc8p contains five aromatic residues, of which two tyrosines and one phenylalanine (Y44, F119 

and Y144) are located in a- or d-heptad core positions. These aromatic residues are mostly located at 

positions with little or no staggering in both conformers, suggesting a restoring function for this property 

(Figure 29, lower half, green dots). In order to gain insights into the function of these aromatic residues, 

we performed an MD-simulation with the straight conformer 2 (Huang & MacKerell, 2013; Phillips et al., 

2005). The initial inter-helical distance and the standard deviation of the Cα-distance of complementary 

residues over the 50 nanoseconds simulation are shown in Figure 31a. The positions of the aromatic 

residues are depicted as green dots (Y44, F119, and Y144) and the heptad breaking residues are indicated 

by red dots (K39, S50, N98, R130). The broken core regions are associated with higher standard deviations, 

which is an indicator for flexible segments with frequent change of distance. In contrast, the aromatic 

residues are associated with regions displaying low standard deviations. The aromatic residues are not 

located directly in valleys (Figure 31, valleys are marked as green circles), but at the upstream slopes. The 

fluctuation minima correspond to the position of the next helical turn of the aromatic heptad cores. 

Residues in these less variable regions interact strongly with the aromatic residues via van der Waals or π-

ion bonds (Figure 31b+c).  

3.4.6 Molecular Dynamics Simulation and in silico Acetylation 

To test the impact of N-terminal acetylation, we performed MD-simulations over 50 nanoseconds with the 

Cdc8p structure. Conformer 2 with and without in silico acetylation was used for this purpose. One 

approach was based on the use of single dimers of conformer 2. Alternatively, we used triplets of 

conformer 2 dimers in these MD-simulations.  The latter approach provides insights into the dynamics of 

the overlap complex. During the first 4 nanoseconds of the simulation the N-terminal methionines of 

unacetylated Cdc8p dimers flipped outwards (Figure 32c). The methionines were clamped between R5 and 

E6. A similar dynamic behavior of the N-terminal residues has been described previously for Tpm1 (Brown 

et al., 2001; Greenfield et al., 1998). In case of the acetylated single dimer, the N-terminus is completely 

α-helical and the methionine flips inwards, pairing up with the other terminal methionine (Figure 32d). 

The acetylation introduces an additional amide bond to the N-terminus, which reduces the degree of 

movement of the methionine. After 0.4 nanoseconds of simulation the acetyl-carbonyl is interacting with 

the hydrogen of the i+2-amide nitrogen (Figure 32a). This stabilizing interaction guides the carbonyl-

oxygen to a water molecule, which is trapped by the interaction with the i+3-amide hydrogen. After 0.97 

nanoseconds of simulation, contacts between the water and the carbonyl-oxygen of the acetyl group 
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formed, which led to an amide flip. This leads to an interaction of the acetyl-carbonyl with the i+3-amide-

hydrogen. At this stage the methionine flips inwards and the backbone forms a continuous helix after 1.6 

nanoseconds (Figure 32a).  

 

Figure 32: Acetylation of Cdc8p dimer. a) The compact folding and methionine flip after in silico acetylation. T0: the minimized 
starting conformation; T0.4: conformation after 0.4 nanoseconds of simulation. Acetyl carbonyl interacts with i+2-nitrogen. T0.97: 
Water is coordinated by the i+3-nitrogen and the acetyl carbonyl. This stabilizes the acetyl and prepares it for flip. T1.36: Acetyl 
carbonyl replaces the coordinated water and interacts with the i+3-nitrogen. T1.6: After 1.6 nanoseconds the methionine is 
flipped to the inside and interacts in a stable conformation with the dimer counterpart (second chain depicted in ‘c)’). b)  The 
initial conformation of the N-terminus after energy minimization (T0). c) Stable conformation of not acetylated Cdc8p after 4 
nanoseconds of simulation. M1 shows dominant interactions with R5 and E6. d) Stable conformation of methionine interaction 
is achieved after 1.6 nanoseconds of simulation. 

These conformational differences are reflected by the APBS calculated charge patterns (Pymol, 

Schrödinger Inc.) (Figure 33b+d). The acetylated N-terminus shows a distinct positively charged spot 

(Figure 34b+d). More blurred is the positive charge pattern in the unacetylated N-terminus, which is 

partially negated by the outwards facing aspartates (Figure 34a+c). The acetylated N-terminus showed a 

similar behavior in the context of the overlap complex. The inward rotation of the N-terminal methionines 

occurred within 13.5 nanoseconds, where they were stably buried in the hydrophobic core of overlap 

complex. (Figure 34b). The C-terminal part in the overlap complex shows bulging (Figure 34b, orange 

arrows) concomitant with the inward rotation of the methionines and an increase in the overlap region 
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from 9 to 12 residues (Figure 35e+f). In context of the overlap complexes, both N-terminal methionines of 

the unacetylated protein interact with sidechains of the complementary C-terminal chains (Figure 34a+c).  

 

 

Figure 33: N-terminal opening by acetylation. 
a)+b) Cartoon and stick representation of N-
terminus with charged residues. a) 
Unacetylated and b) in silico acetylated Cdc8p 
after 45 nanoseconds of MD-simulation. c)+d) 
Solvent accessible charged surface generated 
with APBS (scale +/- 3) c+d) Top row shows 
charged surface from frontal perspective. 
Bottom row shows top perspective of 
respective N-terminus. Acetylation focuses the 
positive charge and favors the binding to the 
negatively charged C-terminus. Green arrows 
indicate the position of D6. Bottom scale bar 
indicate charge-color correlation. 
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Figure 34: Acetylation of Cdc8p 

in context of the overlap 

complex. a) Overlap complexes 
of Cdc8p (left, blue) and in silico 
acetylated Cdc8p (right orange), 
after 13.5 ns of MD-simulation 
(the point of stabilized 
conformation of acetylated 
Cdc8p). The native overlap 
complex (left, blue) is 
comparable to the initial state 
and the methionines are 
interacting with sidechains of the 
C-terminal strands. The in silico 
acetylated complex is more 
compact (orange, right). The 
methionines flipped inwards 
similar to the sole dimer 
(compare Figure 7c). Resulting to 
the densification the C-terminus 
is bulging our and increase of the 
overlap based on Cα to 12 
residues. 

3.4.7 Residue 

Interaction of Unacetylated and Acetylated Cdc8p Overlap Complex 

For a hydrogen-bond (H-bond) interaction overview of the unacetylated and acetylated overlap complex, 

H-bond parameters were calculated with VMD (VMD 193 – Hydrogen bond analysis plugin). The default 

settings were used, except for an acceptor distance of 3.2 Å and a cut off angle of 25°. To investigate the 

overlap complex interactions, the structure was truncated to 15 residues of each terminus. These showed 

positional equilibration after 13.5 nanoseconds. Thus, the H-bond calculation was applied for 20 

nanoseconds after this time point. In Table 3.4.7 the occupancies of different H- bond pairs are listed. For 

the unacetylated overlap complex the R5 and E153 H-bond interaction pair shows occupancies of over 

100%. This is due to multiple H-bond pairing for this specific residue pair. The asymmetric nature of the 

overlap complex leads to a different degree of interaction contacts for the same H-bond pairs in both 

chains. For example, the prior mentioned residue pair R5-E153 has contacts over 100% of the time and 

the corresponding residue pair R5’-E153’ has only a contact time of only 9.29%. These contact pairs are 

listed in Table 10 with respective colors.  

Table 10: H-bond interactions in the overlap complex during 20 nanoseconds of MD-simulation. H-bond calculations were 
performed with VMD 1.93; a 5% occupancy cut off was applied. Equivalent H-bond pairs are shown in the same color. 
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Occupancies are calculated pairwise for residues that share interactions in the context of more than one pair; therefore 
occupancies greater than 100% can occur. 

Acetylated-Cdc8p H-bonds Cdc8p H-bonds 

H-bond donor H-bond acceptor Occupancy H-bond donor H-bond acceptor Occupancy 

K7 E159 59.04% R5 E153 >100% 

R12 D160 54.25% M1 E150 52.45% 

R5 E153 51.25% R12 L161 37.06% 

R5 E150 41.96% K7 L161 25.67% 

K7’ E159’ 40.16% M1’ E150’ 11.19% 

R5’ E153’ 25.97% D2 E150 10.39% 

D2 K146 18.28% R5’ E153’ 9.29% 

R5’ E150’ 10.59% R5 N156 7.69% 

R12’ D160’ 5.49% R12’ L161’ 7.49% 

R12 A157 5% M1 H155 5.69% 

   
K7 L158 5.19% 

   K7 E159 5.09% 
 

 

In both the acetylated and the unacetylated overlap complex, the R5 donor and E153 acceptor pair can be 

considered conserved and most abundant (acetylated: 51.25% and 25.97%, unacetylated: >100% and 

9.29%). Furthermore, the trend of higher grade of overlap is reflected by the shift in residue pair contacts. 

In the unacetylated complex E150 is interacting with M1 and D2 (M1 - E150: 52.45% and 11.19%, D2 – 

E150: 10.39%). In context of the acetylated complex this glutamate shows frequent contacts with R5 

(51.96% and 10.59%). These overlap interactions are visualized with RING-analysis in Figure 35a-c 

(Piovesan et al., 2016). The unacetylated overlap complex displays a similar dense interaction network 

compared to the experimental structure (Figure 35a+b).  

 



Results 

73 
 

 

Figure 35: The overlap complex after 40 ns of simulation. a) Residue interaction network of the overlap complex from the 
experimental structure (conformer 2). b+c) Residue interaction network of MD-simulation derived overlap complex with and 
without in silico acetylation, respectively. d) Measurements of coiled coil axis length of MD-simulation derived overlap complex. 
e+f) The overlap complex in cartoon representation and the coiled coil axis as line. The coiled coil axis coordinates of listed 
residues are shown as sphere. 

Acetylation leads to a significant densified interaction network, nearly doubling the interaction count (124 

interaction edges for the unacetylated, 224 interaction edges for the acetylated overlap complex). A 

quantitative description of the increasing overlap, as a result of in silico acetylation, is shown in Figure 35d-

f. This quantification of overlap complex shortening is based on the coiled coil axis coordinates of 

corresponding residue pairs. During MD-simulation a variation of bending (bending angle ω, Figure 17) 

occurred occasionally, for both variants (Figure 35e+f). To compensate for the different bending and 

twisting in the overlap complex, the total shortening along the coiled coil axis was measured with the 

coordinates of residues 8, 12, and 16. In Figure 35e+f additional coiled coil axis coordinates are depicted 

(of residue pairs 6 and 10) to give a better overview of the coiled coil axis pathway. The length of the 

overlap complex is measured along the coiled coil axis from the coordinates of the corresponding residue 

pairs 12 to 12’ and 16 to 16’ (Figure 35e+f, Table 10). The shortening of the overlap complex that is induced 

by in silico acetylation corresponds to approximately 1.65 Å (Table 10).  
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3.4.8 Acto-tropomyosin Co-filament Model 

3.4.8.1 Residue Interactions of Actin Binding 

The actin filament was reconstituted with 24 Sp actin homology model molecules. These were aligned on 

high resolution cryo-EM filament structure and filament elongation was performed with sequential 

aligning (acto-tropmyosin from PDB: 5JLF, 3.6 Å resolution, von der Ecken et al., 2016) (Figure 36c). The N-

terminal actin binding cluster of Cdc8p (conformer 1, residue 14 to 26) was aligned to the cryo-EM 

structure (Figure 36a+b).  

 

Figure 36: Vacuum electrostatic binding surfaces of tropomyosin and actin. a+b) Conformer 1 and conformer 2 vacuum 
electrostatic surface, respectively. Indicated are negatively charged patches. b) Sp actin homology model, build with PDB 
structure of 5JLH as template. Indicated surface is the tropomyosin binding site. 

After four MD-simulations all four binding clusters of Cdc8p were bound to the actin filament (simulations 

with combined length of 55 nanoseconds). The overlap complex was reconstituted by replacing simulated 

ends with experimentally derived structures of conformer 1, followed by thrice repeated 500 step 

relaxation and 5 picoseconds simulation (process adapted from Orzechowski et al., 2014). The final model 

is depicted in Figure 37a and shows three consecutive Cdc8p molecules bound to twelve actin subunits. 

Four negatively charged clusters of Cdc8p (cluster 1 is residue 14 to 26 ETDEAVARAEAAE, cluster 2 is 
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residue 54 to 63 ESQLEELEEE, cluster 3 is residue 89 to 99 ELLEEELETND, cluster 4 is residue 127 to 139 

ERERDDMEQKLEE) (Figure 36) primarily interact with two lysines of actin (K325 and K327, von der Ecken 

et al., 2015) (Figure 37c). Due to the higher order supercoiling of both the Cdc8p dimer, residues of chain 

A interact with actin in cluster 1 and 3. The other two clusters (2 and 4) are exclusively interacting with the 

complementary chain B. The bandshift heptad break derived kink is in the actin bound model less 

pronounced and resembles heptad break region in the conformer 2 structure. The stabilizing ionic 

interactions involving K70, E74, and D75 are still present. 

3.4.8.2 Model Architecture – Interhelical Radius 

The architecture analysis of the actin bound Cdc8p (Figure 38 and Table 11) exhibits partial changes 

regarding the interhelical radius, compared to the experimental template structure. In Figure 38a the 

interhelical radii are shown for the model of Cdc8p bound to F-actin as black trace and the two 

experimental structures as light blue and pink traces for conformer1 and 2, respectively. Compared to the 

experimental structures, an overall trend towards an increase in interhelical radius is recognizable. The 

tight segment of the N-terminal alanine cluster (A11 to A25) is preserved, as well as both broken cores K39 

and S50. The aromatic residue Y44 exhibits a reasonably stable radius. Both heptad breaking residues 

decrease their radii by half an Angstrom compared to the initial experimental structure of conformer 1. 

Their radii are slightly smaller than those observed with conformer 2. The pre-kink segment (residue S55 

to L69) of the filament bound model, switches from a tighter radius of conformer 1 to the peak height 

radius found in conformer 2. Both post-kink broken cores change their radii pattern. The broken core of 

N98 broadens along the filament, displaying a broad plateau maximum (Figure 38a, N98). In contrast, the 

broken core radius peak around R130 shrinks from 5.3 Å to 4.6 Å. The aromatic residues F119 and Y144 

increase their radius slightly, but remain in radius valleys.  
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Figure 37: The Sp acto-tropomyosin co-filament model. a) Overview of the model. Three consecutive Cdc8p are bound to twelve 
Sp actin molecules. b) Model of Cdc8p without actin. Pseudo repetitive segments with negatively charged binding clusters are 
shown as alternating blue and white segments. c) Detailed view of the middle Cdc8p filament with both overlap complexes. d) 
Close-ups of all four binding clusters, with listed residues involved in ionic interactions. 
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Figure 38: Coiled coil architecture of actin bound Cdc8p model – Interhelical radius and Local staggering angle. a) Conformer 
1 and conformer 2 are shown in pale blue and pale pink. The actin bound model is represented by the black trace. Broken core 
and aromatic stabilizer residues are listed. The grey box depicts a scheme of interhelical measurement. b) The staggering of 
experimental and model Cdc8p in respective colors. Broken core and aromatic stabilizer residues are listed. The blue boxes 
indicate stagger inversion segments, flanking the central heptad break. The grey box depicts a scheme of an LSA measurement. 
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Table 11: Interhelical radius and Local staggering angle comparison of listed residues. a) The interhelical radius of crucial 
residues of both experimental structures and the filament bound model. The lower half shows the staggering angle of respective 
structures and residues. Red colored values indicate negative staggering and blue colored values indicate positive staggering. 

 

3.4.8.3 Model Architecture – Local Staggering Angle 

The local staggering of the Cdc8p model shows prominent shifts in local staggering at the region of the N-

terminal alanine cluster, the three broken cores segments, the central heptad break, and at the C-

terminus. Both terminal segments (residue M1 to A25 and T141 to L161) exhibit large changes in stagger. 

At the N-terminal alanine cluster, a strong inversion of local staggering angle occurred, from positive 

staggering angle of 100° (>90° is positive staggering) to a negative staggering angle of 85° (<90° is negative 

staggering). Both the pre-kink broken cores (K39 and S50) as well as the compensating flanking kink regions 

(Chapter 3.4.4) of the filament bound model exhibit an intermediate level of stagger compared to the 

experimental structures. Post-kink staggering shows significant changes at broken cores (N98 and R130). 

The segment around N98 showed an increase in stagger from ~85° to 93°. Whereby the segment around 

R130 exhibits a staggering reduction of 5°. The staggering of aromatic residue F119 decreased marginally. 
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Overall, a decrease of the average staggering is observed. While both experimental structures show a 

positive average staggering of 91.4° and 90.5° for conformers 1 and 2, the model of actin-bound Cdc8p 

shows a negative stagger of 89.0°. 

3.4.8.4 Model Architecture – Filament Curvature 

There is a helical groove running along the actin filament that coincides precisely with the position of the 

tropomyosin observed in high-resolution cryo-EM structures (von der Ecken et al., 2015) (Figure 36). Both 

Cdc8p conformers do not fit in this helical groove, due to the linear pathway in crystal space (Figure 36a+b). 

Cdc8p adapts to this helical binding surface in the actin bound model. This is reflected by the average 

increase in bending, depicted in Figure 39a. The N-terminal alanine cluster shows an increase in curvature 

(residues A11 to A25). Characteristic for alanine clusters in crystal structures are subsequent peaks of 

bending (2-3° bends) (Brown et al., 2001). This is observable for both the experimental conformers, but 

not for the actin-bound model. The complex broken core segment around K39, Y44, and S5 exhibits a 

minor increase in curvature. N98 remains unchanged but is surrounded by two peaks of strong curvature. 

On the other hand, R130 and its associated broken core segment display a significant decrease in curvature 

(Figure 39a). Both post-kink aromatic cores (F119 and Y144) show a strong increase of curvature (Table 

11).  

3.4.8.5 Model Architecture – Local Winding 

The pitch length is the length of one complete turn of winding. The local pitch on the other hand, is the 

extrapolated pitch length of residue pairs (Chapter 2.3.1). In this study the chain A and C are used as 

reference for staggering. If the complementary chain is locally shifted towards the C-terminus, positive 

staggering can be observed. Figure 39b depicts the local pitch profiles of both experimental conformers 

and the actin bound model. A strong increase in local pitch length is observable for the N-terminal region 

(residue M1 to A10), which means a decrease in local twisting. Alanine clusters have no knob into hole 

interactions, thus the twisting is high in these segments (residue A11 - A25). Broken cores with charged 

heptad breaks (K39 and R130) show significant lower local winding. Apart from this, broken cores derived 

from small polar residues (S50 and N98) display a decrease in winding. The local pitch length decrease of 

N98 ranges from over 200 Å to 100 Å. The aromatic heptad core of Y44 has a local pitch length that is close 

to the overall average. In contrast to this, both post-kink aromatic heptad cores are located in local pitch 

length valleys, exhibiting overwinding. The central heptad break displays the strongest local overwinding 

with a pitch a length under 50 Å. 
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Figure 39: Coiled coil 

architecture of actin bound 

Cdc8p model – Curvature and 

winding. a) Graphs show 
curvature profiles of 
experimental and model 
conformations. Conformers 1 
and 2 are shown in pale blue 
and pale pink. The actin bound 
model is represented by the 
black trace. Broken core and 
aromatic joint residues are 
listed. A curvature 
measurement scheme is 
shown in the grey box. b) 
Graphs show local pitch 
length profiles. Twisting 
profiles of experimental and 
model Cdc8p conformations 
are displayed in respective 
colors. Broken core and 
aromatic joint residues are 
marked. A local winding 
measurement scheme is 
shown in the grey box. 
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4 Discussion 

4.1 Cdc8p Structure & Architecture 

The structural basis of actin binding mechanism for vertebrate Tpm isoforms has been developed over the 

last two decades. Here, changes in flexible and rigid segments became more and more the focus of 

attention (Brown et al., 2001 and 2005).  Pseudo-repetitive alanine clusters are regarded to be of crucial 

importance in this context, as they introduce segmental flexibility and allow local staggering between the 

monomer chains, which in turn leads to 2° to 6° bending of the coiled coil. (Brown et al. 2001; Minakata et 

al., 2008). The presence of alanine residues in positions ‘a’ and ‘d leads to the loss of knob into hole 

interactions in the hydrophobic core of the coiled coil, which is feature of vertebrate Tpm isoforms. In 

contrast, rigid segments contain bulky amino acids such as leucine and isoleucine, which promote knob 

into hole interactions (Brown et al., 1996; Crick, 1952; Monteiro et al., 1994). Due to the absence of 

pseudo-repetitive alanine clusters, this well accepted model for Tpm structural dynamics cannot be 

applied to fission yeast Tpm Cdc8p. So far, high-resolution structures have not been available for any Tpm. 

The full-length structure of Cdc8p, which was solved as part of this project, provides the first profound 

insights at the atomic level into critical features and structure-function relationships for this unique Tpm. 

At least to some extent, these insights can be transferred to vertebrate Tpm isoforms. 

The unit cell contains two different conformers, one linear and one with a characteristic kink (Figure 

26a+b). The almost perfect linearity of conformer 2 is reflected in the nearly identical length of the coiled 

coil axis trace (233.9 Å) and the straight-line distance between coordinates of residues M1 and L161 (233.1 

Å). In contrast, in the case of conformer 1 the respective distances were 233.8 Å versus 229.9 Å. A 

characteristic feature of the Cdc8p structure is that both conformers form overlapping head-to-tail 

complexes (Figure 26c+d). The effect of tensile and torsional loads has not yet been described for 

tropomyosin, but it appears that it may be the main cause for the reduced overlap observed in conformer 

1 (Figure 26c+d). This leads to the conclusion that Cdc8p dimer show nearly no elastic flexibility. However, 

Cdc8p polymers can compensate elastic deformation forces by means of the overlap complex. The B-factor 

distribution along the Cdc8p dimer differs for both conformers (Figure 26e). The linear conformer 2 shows 

high B-factor values, especially around the central heptad break (residues L69 to D75) and at both the N- 

and C-terminus of the protein. Smaller changes were observed for conformer 1. This is probably the result 

of differences in torsional and tensile loads.  
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4.1.1 Central Bandshift Heptad Break and Flexible Flanking Regions 

The central bandshift heptad break is a feature of Tpms isoforms shared by at least some unicellular 

eukaryotes. This bandshift leads to a local amplification of the continuous asymmetry of the dimer helices 

(Figure 27d+g). While one helix remains largely unaffected (conformer 1 - Chain B, conformer 2 - Chain D), 

the complement helix forms a chicane-like structure in the case of conformer 2 and a simple kink for 

conformer 1. The kink angle is 23°, which was measured along the coiled coil axis. This heptad break can 

be interpreted as stammer (Brown et al., 1996), due to the local overwinding. Thus, it shows an 

unconventional and previously undescribed appearance, which is probably the result of ionic interactions 

involving E74, which is located at a band-transition site. Both conformers exhibit interchain ionic 

interactions between K70, E74, and D75, which are also conserved in the actin-bound model of Cdc8p. 

Previously, the conserved non-canonical heptad core break of D137 was described in Tpm1, which has a 

similar overwinding introducing function, although at a much lower efficiency (Moore et al., 2011; Nitanai 

et al., 2008; Lakkaraju & Hwang, 2009). Here, this charged residue D137 forms intrachain ionic interactions 

resulting in an overwinding segment (Lehman et al., 2018). Another important feature of the Cdc8p 

bandshift sequence is the small residue A71, which allows the two helices to come very close together 

with an interhelical radius of 3.6 Å, which corresponds to the smallest observed for any Tpm structure, so 

far. Both central heptad break segments of Cdc8p and Tpm1 seem to introduce strong overwinding. 

However, it is not known how this central overwinding segment affects myosin regulation or actin-Tpm 

interaction. It is conceivable, that overwinding in this segment is important for adaptation to the actin 

binding surface. In the case of Cdc8p, this feature may be of particular importance due to the lack of 

pseudo-repetitive alanine clusters. Furthermore, it is also possible that this bandshift segment plays an 

important role in filament displacement dynamics or communication pathways in coiled coils, as described 

for heptad breaks in dynein (Coulton et al., 2010; Lehman et al., 2019; Truebestein & Leonard, 2016).  

The central bandshift heptad break is flanked by segments, which show a stagger inversion between both 

Cdc8p conformers (Figure 29, blue boxes). Thus, a significant part of structure deformation is compensated 

by these segments. This is also shown at the Cdc8p acto-tropomyosin co-filament model (Figure 40). 

Whereas the template structure corresponds to conformer 1, in regions flanking the kink staggering takes 

on a value halfway between both conformers (Figure 38b, blue boxes). Both, the kink structure stabilized 

by ionic interactions and the interhelical radius were stable during molecular dynamics simulations of 

Cdc8p binding to F-actin (Figure 38a).   
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4.1.2 How Twisting and Bending Facilitates Actin Binding – a Sequence to Function 

Relationship 

Coiled coil structures are very rigid. They are found in a variety of cell structures as stabilizing elements 

(Truebestein & Leonard, 2016). However, all vertebrate Tpm isoforms contain well-defined structural 

elements that introduce flexibility at least at the local level. So far, two main structural elements have 

been described: (i) flexible alanine clusters, which can introduce bending (Brown et al., 2001) and (ii) 

heptad breaks possessing a negatively charged residue in the ‘a’ or ‘d’ position (E218 on ‘a’ position, D137 

on ‘d’ position), which introduces overwinding (Lehman et al., 2019; Moore et al., 2011; Lakkaraju & 

Hwang, 2009). Cdc8p contains only one heptad core alanine cluster in the N-terminal region. This cluster 

introduces a 2° kink (Figure 29, peak after residue A25) (Brown et al., 2001; Minakata et al., 2008). Further 

flexural and torsional flexibility required to adapt the actin binding surface must result from alternative 

mechanisms. In this study these additional mechanisms were elaborated: (i) the central bandshift heptad 

break, (ii) broken core segments, and (iii) aromatic heptad cores (iii is discussed in Chapter 4.1.3). A 

detailed analysis of the actin bound Cdc8p model is shown in Figure 40, which depicts the winding and 

bending profiles. The local values were set in relation to the global average, whereby local winding and 

bending above the average are displayed in blue and green, respectively. Yellow and red indicate 

subaverage winding and bending, respectively. The winding alternates evenly along the dimer. The bend, 

on the other hand, is more uneven distributed and has punctual unbent regions. This indicates a functional 

segmentation of Cdc8p, with segments differing in twisting and bending capacity. The most prominent 

bending segment is found in the bandshift induced kink region. In addition, strong winding is observed at 

the point of band transition. A total of four broken cores are found in Cdc8p, which have non-hydrophobic 

substituents on ‘a’ and ‘d’ heptad position (K39, S50, N98, R130). These broken cores display high 

interhelical radii (Figure 29), but no significant architectural variation when comparing the two 

experimental conformers. It has been suggested that broken cores generally contribute to bending 

flexibility (Brown et al., 2001; Minakata et al., 2008; Nitanai et al., 2007). In more recent studies, a first 

specification was made in which Lehman and colleagues (2019) used molecular dynamics simulations to 

describe how a specific broken core in Tpm1 enhances winding but not bending (broken core D137). This 

description agrees with my results. The experimental structures of Cdc8p and the results of molecular 

dynamics simulations that were performed based on these structures formed the basis for a detailed 

description of the effects of specific broken core classes. During the 50 nanoseconds simulation of a Cdc8p 

dimer, the broken core regions showed the highest level of fluctuations (Figure 31, red dots). Upon in silico 

binding to F-actin (Figure 38a) changes in coiled coil architecture occur predominantly in broken core 
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regions. Both broken cores with small polar residues as hydrophobic substitutes show overwinding, 

comparable to the observations made for Tpm1 and the broken core D137 (Lehman et al., 2019). Contrary 

to this, positively charged broken cores (K39 and R130) exhibit strong underwinding and low bending 

(Figure 39b and Figure 40). The inhibition of winding can be attributed to frequent electrostatic 

interactions. Both K39 and R130, interact with non-hydrophobic core residues, especially negatively 

charged residues (Figure 41). Cation-π-interactions between K39 and Y44 underline the intricacy of this 

complex broken core segment, connecting the three hydrophobic core anomalies K39, Y44, and S50. 

 

 

Figure 40: Architectural profile overview of actin bound Cdc8p. Color code panels are on top, as well as the groupings of key 
residues. Under the molecular representation of Tpm, the pitch length (blue/yellow) and curvature profiles (green/red) are 
shown. Dark colors represent peak values, which a higher than a third of the maxima. Under the architecture profiles the residue 
locations are marked, starting at 1 and ending at 161. Key residues and segments are listed along this bar. 
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Figure 41: Residue interactions of positively charged broken cores. a) Broken core K39 of conformer 1 chain B, with residues in 
interaction range (dashed lines indicate interaction). Chain A is coloured in blue and chain B in cyan. B) Broken core R130 of 
Conformer 1 chain A, with residues in interaction range. 

4.1.3 Aromatic Joints 

Cdc8p possesses three aromatic residues at heptad core positions: Y44, F119, and Y144. The latter two are 

located in tight segments, distant from broken cores (Figure 30a). No π-π-stacking is observed, instead 

contacts within these regions are stabilized by the π-electron orbitals of the aromatic residues interacting 

with the side chains of nearby basic and aliphatic residues of both chains. In MD-simulation using a single 

Cdc8p dimer, these aromatic heptad cores form a close and stable segment as indicated by low R.M.S.D. 

fluctuations (Figure 30a). In actin bound model, the two isolated aromatic heptad cores show strong 

bending as well as subtle overwinding (Figure 40). This suggests that these residues act as a joint that 

introduces both flexural and torsional flexibility. The aromatic heptad core Y44 is situated between the 

two broken cores, K39 in ‘a’ and S50 in ‘d’ position. These three heptad core anomalies tend to act like a 

structural unit, which is likely to play a critical role in the function of Cdc8p (Chapter 4.1.2). The approach 

taken in this study subdivides Cdc8p into segments with distinct twisting and bending properties. These 

segments are defined by uncommon heptad core residues and control the structural adaptation for actin 

binding. Similar heptad core anomalies can be found in human Tpm isoforms (Figure 44, Appendix). In case 

of Hs Tpm1.1, broken cores and aromatic joints alternate, similar to how it is observed in Cdc8p. Whether 

this extended functional segmentation and its role in actin binding can be transferred to human Tpm will 

have to be clarified in the future. 
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4.1.4 Geometric Maxima of Unacetylated Tropomyosin Overlap Complex 

The Cdc8p structure presented here, includes information based on overlap complexes for two distinct 

full-length, unacetylated conformers. Overlap geometry of both conformers is presented in Chapter 3.4.2 

and substantiate that these conformers represent both maxima regarding bending angle ω (Figure 17 and 

Table 8). MD-simulated overlap complexes of Tpm1 and Tpm3 are described to have bending angles 

between 8.3° and 9.6° (Janco et al., 2019; Li et al., 2014), whereas the two experimental conformers of 

Cdc8p exhibit angles of 0.45° and 15.5° (Table 9). In regard of twisting angle θ both conformers are at the 

higher end of the known spectrum (Table 9). Unacetylated overlap complexes of Tpm1 are described 

between 85.6° and 90.7°(Li et al. 2014) in twisting, the experimental solved conformers of Cdc8p show 

102.3° and 106.43°. Comparably high twisting was described for the Tpm3 overlap complex with bound 

small molecule ATM3507 (106.7°, Janco et al. 2019). Residue interaction networks revealed an asymmetric 

interconnection of all four chains, which is demonstrated for both experimental structures (Figure 27c+f) 

and for the complex in context of the mini-filament after 50 nanoseconds of MD simulation (Figure 35b). 

Moreover, the conformer 1 overlap complex shows a lesser degree of overlap, as a result of the steeper 

bending angle, which pronounces the asymmetric character even more (Figure 26c+d and Figure 27c+f). 

In chapter 4.1 it was discussed that the discrepancy of both complexes implicates different states of elastic 

and torsional strain.  

4.1.5 In silico Acetylation of Cdc8p 

The head to tail overlap complex of truncated Tpm1 was structurally well described by Greenfield and 

colleagues with a 3D-NMR analysis and by Frye and colleagues with two X-ray structures (Frye et al., 2010; 

Greenfield et al., 2006). As these structures were solved with truncated constructs, a lot of flexibility was 

given to the single chains. With two overlap complexes of the full length Cdc8p structure, we add two 

conformers with different states of torsional and elastic strain to this collection. In the context of the full-

length filaments and the variance of strain, it is observable that the overlap complex behaves in an 

asymmetric manner (Figure 26c+d). With increased elastic strain the conformer 1 displays shorter overlap 

regarding Cα-residue count, which leads to a less interconnected chain (Figure 27c+f). In context of in vivo 

acto-tropomyosin co-filaments, such strains can likely occur during transversal or longitudinal 

translocation on the actin filament. Another aspect could be a possible shortening effect of Cdc8p filament, 

after N-terminal acetylation. With MD-simulations of a unacetylated Cdc8p dimer we were able to describe 

a flexible N-terminus which flips outside and interacts with nearby residues of the same chain in the 

timeframe of 4 ns after start of simulation (Figure 32c). This was prior proposed for Tpm1 on basis of 
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spectroscopic studies (Greenfield et al., 1998; Brown et al., 2001; Greenfield et al., 2006). The in silico 

acetylation changed this dynamics by decreasing the freedom of movement for the N-terminus. The 

introduced amide-bond created both rigidity and electrostatic interaction possibilities to the follow up 

backbone. Water positioned by the i+2 amide nitrogen facilitates the flip over of the methionine residue, 

by interacting with the methionine carbonyl. This leads to the stable carbonyl interaction to the i+3 amide 

nitrogen, which is common for the 3.613-α-helix in proteins (Dunitz, 2001). This inward flip of the 

methionine is for the single dimer very fast and is in stable conformation after 1.6 ns (Figure 32a+d). The 

methionine itself interacts with the interchain acetyl group and methionine residue, as well as via van der 

Waals interactions of both sulfurs. This full helical structure of acetylated Tpm was proposed by Brown 

and Greenfield for Tpm1 (Brown et al., 2001; Greenfield et al., 1998). In both of our simulations the 

acetylated and non-acetylated Cdc8p show stable conformations after less than four nanoseconds until 

the end of the 50 ns simulation. For the non-acetylated N-terminus the outward flip of the methionine 

was associated with exposed aspartates (D2) in direction of the potential head to tail interaction partner. 

The representation of the electrostatic surface shows a less strong pattern of positively charge at the non-

acetylated N-terminus (Figure 33a-d). The charge surface of the acetylated N-terminus displays a more 

punctual positive charge pattern. Thus, the more punctuated charge pattern of the acetylated N-terminus 

could increase the affinity to the negatively charged C-terminus. Additionally, two aspartates (D2) facing 

in direction of potential tail interaction partner, could decrease affinity by repelling negative charge. It was 

demonstrated that acetylation leads to a more compact residue interaction network (Figure 35b+c), 

accompanied with an overlap complex shortening of approximately 1.6 Å (Figure 35d-f). It was shown by 

Coulton and colleagues (2010), that unacetylated Cdc8p only occupies 32% of closed positions on actin 

filaments, whereas acetylated Cdc8p was nearly homogenous in this position (98% in closed position).  

Thus, it was suggested, that Cdc8p binds more irregular on actin filament, which could be a result of the 

bandshift heptad break induced kink (Figure 10a-d). This agrees with fittings of the acto-tropomyosin co-

filament model of this study into an negative stain EM map of acetylated Cdc8p bound to actin (Skoumpla 

et al., 2007). While parts of Cdc8p model fit well into the Ac-Cdc8p volumes, two thirds of the Cdc8p 

molecule lies outside of the map (Figure 42). Using this low-resolution volume is a first approach, which is 

limited by scaling inconsistencies between map and model. Filament length decreasing impact of 

acetylation (Figure 35d-f) could lead to an elastic compression of the Cdc8p filament, leading to a 

straightening. This straightened filament would supposedly fit into the EM density. Studies using high-

resolution cryo-EM maps of actin in complex with acetylated and unmodified Cdc8p could give us a 

substantial understanding of this mechanism. 
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Figure 42: Volumetric density fit of acto-tropomyosin co-filament model in experimental negative stain EM map. The 
experimental negative stain-EM map was kindly provided by Prof. Mulvihill (Skoumpla et al., 2007). The in silico generated model 
of Cdc8p-actin co-filament (Chapter 3.4.8) was fitted with UCSF Chimera 1.14 volumetric fitting tool (Pettersen et al., 2004). As 
orange line a possible course of shortened, acetylated Cdc8p is indicated. 

4.1.6 Proposed Off Switch Function of Arginine 130 Leads to Cdc8p Disassembly 

Recently, Palani and colleagues (2019) described that phosphorylation of S125 leads to an decreased 

Cdc8p affinity to actin, resulting in Cdc8p dissociation. The structure of this study gives first insights to the 

possible mechanism on atomic level. Being a crucial structural regulator, R130 is in direct interaction range 

to S125. To visualize this, an in silico phosphorylation was performed (Pymol, Schrödinger Inc). In Figure 

43a the experimental (transparent side chains) and reoriented residues (E129 and R130) are shown. In the 

experimental structure, the closest distance from arginine to phosphoserine is 5.1 Å. Considering 

molecular dynamics it is feasible that an ionic interaction can occur. In Chapter 4.1.2, R130 is demonstrated 

to be highly relevant for Cdc8p architecture, including structure adaption for actin binding. If the arginine 

approaches to the phosphate, a resulting reorientation of the Cdc8p C-terminus is suggested (Figure 

43c+d). The reorientation of the C-terminus would have negative impact on overlap complex stability. 

Thus, R130 would serve as structural off-switch, activated by S125 phosphorylation. 
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Figure 43: Proposed mechanism for acto-tropomyosin co-filament destabilization by S125 phosphorylation. a) experimental 
structure (conformer 2), with S125 phosphorylation, reoriented R130, and E129 (transparent residues are experimental 
conformations). All polar residues in range are depicted. b) Acto-tropomyosin model from Chapter 3.4.8. Orange marked 
residues are R130 and S125. c) Detailed view of proposed cross interaction of R130 and phosphoserine 125 (manually 
reoriented). d) Proposed straightening of the C-terminus after arginine-phosphoserine interaction, leading to dissociation. The 
purple Cdc8p represent the dissociation state (manually reoriented). 

4.1.7 Structural Explanation of Temperature Sensitive Mutations 

Various Cdc8p mutations are known for causing temperature sensitivity in fission yeast (Johnson et al., 

2018). Yeast cells possessing these mutations cannot undergo cytokinesis above restrictive temperature 

thresholds. Among these are A18T, E31K and E129K showing decreased melting points. Our experimental 

structure supported analysis sheds new light on these mutations and their molecular mechanism. The 

A18T mutation lies within the region of the flexible N-terminal alanine cluster (Chapter 4.1). The A18T is 

predicted to increase local stiffness. Additionally, the mutation may have an impact on the neighboring 

overlap complex and associated changes in actin affinity.  

Mutation E129K affects position ‘g’ in the heptad repeat. In the experimental structures and throughout 

the course of MD-simulations, E129 forms a salt bridge with the heptad core breaking residue R130 (Figure 

43a). This suggests that this ionic interaction is of importance for the function of the associated broken 
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core segment. If the glutamate is replaced by a lysine, this stable interaction cannot take place and the 

arginine will most likely reorient itself to D132 or E134. This could change the conformation of this broken 

core region, which could result to a reduced dimerization capacity or structural destabilization of the actin 

interaction contacts. Furthermore, it would be of interest for future studies to gain deeper insights into 

the impact of this mutation on the phosphorylation off switch mechanism (Chapter 4.1.6). 

On first inspection, mutation E31K appears to be of minor importance, due to its solvent exposed location 

at the border of a negatively charged patch. This is corroborated by minor impact of the mutation on the 

melting point of the coiled coil and the temperature sensitivity of yeast cells producing the mutant protein 

(Johnson et al., 2018). In both conformers, the glutamate forms an intra-chain ionic contact to K28, which 

was observed to remain stable during the course of MD-simulations. 

4.2 Myosin T-jump crystallography 

A crucial precondition for the analysis of the dynamic folding and unfolding behavior of myosin motor 

domains in the presence of pharmacological chaperones was the establishment of suitable micro-

crystallization protocols. Two conventional myosin isoforms were used: (i) Dd myosin2 and (ii) human 

NM2B-2R. For both myosin isoforms, micro-crystallization conditions were established and optimized for 

subsequent analysis in serial crystallography and time-resolved, IR laser-mediated T-jump experiments.  

With conventional single crystal crystallography under cryogenic conditions, the co-crystallized EMD 

57033 and its analogue EMD 60263 could not be resolved in the protein structure. First structures were 

obtained, using the highest photon flux X-ray source, the European XFEL. Whereas the maximum 

diffraction of single crystals reached up to 2.24 Å, the overall data completeness was very low. This was 

due to technical and beamtime limitations. Yet, these preliminary results show the feasibility of this 

approach. In addition, the results of preliminary T-jump crystallography experiments performed with 

lysozyme as a model system allowed B-factor scaling and example of data processing. Here, we observed 

a subtle increase in the B-factor after 15 µs of laser induced T-jump. The scaled B-factors increased mainly 

at flexible loops and at transition regions of loops and secondary structures. The observed changes in 

lysozyme structure depend on a number of factors but in particular on the applied laser power, which was 

calculated to induce a T-jump from 20°C to 55°C within 100 ns. The experimentally determined melting 

temperature of lysozyme is above 70°C (Venkataramani et al., 2013), accordingly the thermally induced 

changes were expected to be relatively small and reversible. By systematically increasing the height of the 

T-jump, we aim to establish a reference for the analysis of B-factor- and folding dynamics in T-jump 
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crystallography that helps to guide and facilitates experiments performed with a wider range of enzymes 

and structural proteins. 

 

In this work, classical and state-of-the-art crystallographic methods were used to gain important insights 

into the structure-function relationships of cytoskeletal actin-myosin-tropomyosin-complexes and their 

individual components. The structure of Cdc8p provides for the first time high-resolution information 

about a native and full-length tropomyosin form. Additional, crucial information about structure-function 

relationships in tropomyosin isoforms can be deduced from the presence of two conformers per unit cell 

with intact overlap complexes. For the first time, the Cdc8p binding mechanism to F-actin was described 

by in silico methods, revealing functional segmentation of this fission yeast Tropomyosin. In a series of 

separated experimental studies, serial crystallography approaches were used to obtain first datasets of 

micro-crystallized myosin. Furthermore, this study established an experimental and analytical basis for T-

jump crystallography studies probing the folding and unfolding behavior of proteins. Studies that are 

crucial for resolving the mode of action and the structure guided optimization of pharmacological 

chaperones. 
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5.2 Supplemental Figures and Tables 

 

Figure 44: Heptad repeats of Hs Tpm1.1. Complete heptad repeat sequence of human Tpm1.1 with indicated ‘a’ and ‘d’ bands 
in respective colors. Alanine cluster are framed with a black box. Alternating broken cores and aromatic joints are marked in 
red and green, respectively.  
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Table 12: Scaled B-factors of T-jump crystallography experiment. Scaled B-factor of all 129 residues of lysozyme. 

Res.# ground 5 µs 10 µs 15 µs 30 µs 100 µs 200 µs 1000 µs 

1 1.70 1.81 1.66 1.96 1.68 1.69 1.75 1.80 
2 1.43 1.48 1.49 1.52 1.38 1.43 1.43 1.48 
3 1.42 1.59 1.50 1.64 1.47 1.51 1.47 1.49 
4 1.47 1.51 1.48 1.60 1.40 1.50 1.54 1.67 
5 1.61 1.61 1.61 1.74 1.54 1.59 1.63 1.73 
6 1.33 1.44 1.34 1.45 1.36 1.43 1.42 1.40 
7 1.40 1.47 1.47 1.49 1.42 1.52 1.40 1.50 
8 1.30 1.41 1.45 1.61 1.30 1.50 1.38 1.42 
9 1.26 1.24 1.25 1.44 1.22 1.34 1.29 1.23 

10 1.47 1.54 1.43 1.48 1.47 1.52 1.42 1.47 
11 1.51 1.50 1.38 1.52 1.38 1.44 1.46 1.45 
12 1.24 1.33 1.29 1.42 1.27 1.35 1.25 1.21 
13 2.06 2.03 1.92 2.32 1.92 1.77 2.03 1.90 
14 2.16 2.10 2.40 2.52 2.17 2.03 2.27 2.20 
15 1.60 1.60 1.75 1.86 1.60 1.51 1.65 1.66 
16 1.70 1.54 1.60 1.78 1.50 1.57 1.61 1.62 
17 1.48 1.62 1.51 1.69 1.48 1.57 1.47 1.54 
18 1.62 1.59 1.52 1.71 1.51 1.55 1.54 1.53 
19 1.88 1.87 1.69 1.87 1.72 1.72 1.91 2.04 
20 1.47 1.39 1.49 1.62 1.45 1.50 1.41 1.50 
21 1.84 2.02 1.94 2.23 2.12 1.79 1.99 2.47 
22 1.35 1.36 1.34 1.48 1.45 1.39 1.34 1.21 
23 1.21 1.21 1.30 1.38 1.18 1.29 1.20 1.30 
24 1.40 1.40 1.35 1.47 1.34 1.47 1.33 1.39 
25 1.41 1.49 1.53 1.71 1.43 1.57 1.42 1.50 
26 1.12 1.11 1.17 1.26 1.12 1.27 1.15 1.15 
27 1.10 1.21 1.19 1.25 1.13 1.19 1.11 1.20 
28 1.14 1.18 1.18 1.24 1.13 1.20 1.13 1.20 
29 1.16 1.24 1.27 1.30 1.16 1.31 1.21 1.29 
30 1.02 1.05 1.07 1.04 1.00 1.02 1.07 1.01 
31 1.06 1.15 1.18 1.19 1.09 1.20 1.14 1.18 
32 1.13 1.23 1.28 1.28 1.13 1.22 1.15 1.22 
33 1.61 1.57 1.58 1.71 1.47 1.52 1.58 1.65 
34 1.17 1.36 1.28 1.44 1.23 1.34 1.19 1.29 
35 1.18 1.14 1.18 1.37 1.08 1.28 1.16 1.22 
36 1.17 1.26 1.21 1.26 1.15 1.17 1.12 1.20 
37 1.56 1.55 1.55 1.68 1.46 1.47 1.79 1.61 
38 1.26 1.16 1.27 1.35 1.11 1.27 1.25 1.18 
39 1.14 1.20 1.20 1.26 1.17 1.22 1.18 1.21 
40 1.17 1.08 1.19 1.31 1.11 1.20 1.20 1.18 
41 1.21 1.17 1.28 1.50 1.13 1.31 1.23 1.17 
42 1.20 1.21 1.15 1.28 1.17 1.20 1.13 1.15 
43 1.17 1.24 1.24 1.42 1.15 1.32 1.20 1.16 
44 1.90 1.46 1.41 1.62 1.56 1.73 1.43 1.59 
45 1.88 1.74 1.78 2.08 1.70 1.77 2.34 1.89 
46 1.50 1.57 1.49 1.84 1.56 1.61 1.52 1.59 



Appendix 

108 
 

Res.# ground 5 µs 10 µs 15 µs 30 µs 100 µs 200 µs 1000 µs 
47 2.31 2.14 2.09 2.32 2.08 1.91 2.13 2.08 
48 1.65 1.67 1.65 1.76 1.63 1.65 1.70 1.58 
49 1.61 1.67 1.58 1.65 1.58 1.52 1.72 1.57 
50 1.39 1.30 1.37 1.46 1.34 1.47 1.33 1.35 
51 1.11 1.11 1.17 1.28 1.11 1.29 1.09 1.20 
52 1.10 1.23 1.08 1.21 1.11 1.17 1.09 1.18 
53 1.03 1.12 1.12 1.28 1.07 1.15 1.05 1.24 
54 1.03 1.16 1.19 1.18 1.05 1.19 1.10 1.20 
55 1.48 1.60 1.40 1.52 1.40 1.55 1.41 1.46 
56 1.25 1.33 1.24 1.40 1.22 1.32 1.21 1.32 
57 1.06 1.12 1.14 1.19 1.06 1.14 1.09 1.09 
58 1.18 1.32 1.28 1.41 1.25 1.27 1.24 1.31 
59 1.34 1.41 1.30 1.33 1.36 1.47 1.26 1.29 
60 1.25 1.28 1.27 1.37 1.36 1.35 1.17 1.24 
61 2.22 2.45 2.28 2.41 2.35 2.17 2.21 2.41 
62 2.03 2.40 2.31 2.44 2.09 2.02 2.13 2.26 
63 1.24 1.34 1.30 1.44 1.27 1.45 1.29 1.34 
64 1.17 1.27 1.30 1.31 1.22 1.34 1.17 1.29 
65 1.42 1.67 1.53 1.67 1.66 1.59 1.59 1.50 
66 1.16 1.24 1.30 1.41 1.21 1.27 1.15 1.18 
67 1.39 1.43 1.46 1.56 1.35 1.45 1.36 1.34 
68 1.47 1.47 1.44 1.57 1.42 1.54 1.49 1.43 
69 1.46 1.36 1.39 1.67 1.47 1.68 1.37 1.42 
70 2.23 2.29 2.08 2.40 2.26 2.20 2.13 2.34 
71 2.43 2.32 2.01 2.48 2.16 2.09 2.21 2.15 
72 1.98 1.94 1.87 1.79 1.88 1.91 1.88 1.92 
73 2.44 2.90 2.46 2.64 2.75 2.61 2.65 2.67 
74 1.41 1.58 1.55 1.60 1.48 1.57 1.54 1.59 
75 1.76 1.94 1.76 1.88 1.75 1.83 1.92 1.82 
76 1.33 1.29 1.43 1.40 1.30 1.39 1.32 1.39 
77 1.77 1.74 1.75 2.25 1.79 1.92 1.92 2.18 
78 1.63 1.61 1.59 1.90 1.56 1.67 1.54 1.79 
79 1.51 1.57 1.47 1.79 1.46 1.55 1.44 1.54 
80 1.14 1.15 1.14 1.26 1.11 1.22 1.15 1.19 
81 1.72 1.48 1.44 1.46 1.46 1.39 1.30 1.26 
82 1.46 1.53 1.42 1.36 1.46 1.53 1.38 1.36 
83 1.48 1.57 1.44 1.61 1.45 1.47 1.39 1.39 
84 1.46 1.53 1.51 1.57 1.40 1.48 1.40 1.55 
85 1.52 1.58 1.59 1.67 1.52 1.59 1.55 1.52 
86 1.69 1.83 1.82 1.97 1.75 1.72 1.93 1.74 
87 1.69 1.61 1.63 1.87 1.57 1.56 1.69 1.66 
88 1.44 1.53 1.47 1.73 1.47 1.50 1.55 1.51 
89 1.69 1.56 1.52 1.62 1.51 1.51 1.56 1.61 
90 1.35 1.29 1.37 1.53 1.27 1.41 1.29 1.46 
91 1.23 1.20 1.29 1.30 1.23 1.34 1.21 1.26 
92 1.52 1.58 1.54 1.63 1.42 1.54 1.41 1.63 
93 1.76 1.70 1.57 1.75 1.53 1.63 1.62 1.75 
94 1.15 1.31 1.29 1.26 1.28 1.29 1.16 1.23 
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Res.# ground 5 µs 10 µs 15 µs 30 µs 100 µs 200 µs 1000 µs 
95 1.14 1.17 1.28 1.20 1.14 1.15 1.12 1.25 
96 1.50 1.59 1.59 1.78 1.53 1.61 1.48 1.55 
97 1.66 1.69 1.76 2.04 1.69 1.55 1.90 2.08 
98 1.24 1.25 1.28 1.38 1.20 1.41 1.25 1.35 
99 1.30 1.31 1.33 1.40 1.31 1.43 1.34 1.33 

100 1.67 1.65 1.64 1.82 1.65 1.68 1.74 1.67 
101 2.18 2.14 1.99 2.56 2.11 1.99 2.06 2.32 
102 1.98 1.86 1.91 2.32 1.78 1.76 1.88 1.92 
103 1.80 1.85 1.92 2.20 1.80 1.69 1.95 2.07 
104 1.21 1.14 1.24 1.32 1.19 1.24 1.22 1.29 
105 1.19 1.17 1.18 1.28 1.09 1.23 1.14 1.18 
106 1.19 1.23 1.24 1.34 1.16 1.29 1.18 1.25 
107 1.23 1.26 1.32 1.47 1.21 1.30 1.23 1.43 
108 1.16 1.19 1.18 1.39 1.11 1.21 1.15 1.18 
109 1.88 1.61 1.59 1.75 1.49 1.48 1.48 1.64 
110 1.29 1.27 1.28 1.41 1.20 1.28 1.22 1.25 
111 1.10 1.12 1.15 1.26 1.04 1.21 1.06 1.15 
112 2.11 2.04 1.87 2.27 1.93 2.02 2.05 1.89 
113 1.31 1.35 1.34 1.62 1.28 1.33 1.31 1.32 
114 1.36 1.37 1.37 1.48 1.28 1.38 1.33 1.39 
115 1.05 1.04 1.12 1.23 1.05 1.19 1.08 1.06 
116 1.29 1.29 1.23 1.48 1.28 1.35 1.27 1.29 
117 1.53 1.71 1.53 1.67 1.50 1.67 1.51 1.59 
118 1.40 1.42 1.45 1.69 1.39 1.47 1.47 1.43 
119 1.71 1.70 1.78 2.03 1.70 1.62 2.06 1.68 
120 1.41 1.65 1.58 1.52 1.56 1.58 1.49 1.49 
121 2.27 2.40 2.35 2.51 2.31 2.09 2.16 2.14 
122 1.81 1.84 1.94 1.92 1.75 1.79 1.88 1.69 
123 1.40 1.50 1.45 1.64 1.43 1.49 1.48 1.46 
124 1.70 1.78 1.82 1.91 1.94 1.77 1.66 1.82 
125 2.76 2.84 3.00 2.95 2.69 2.27 2.49 2.51 
126 1.70 1.49 1.83 1.90 1.63 1.76 1.71 1.70 
127 1.55 1.61 1.59 1.81 1.63 1.55 1.54 1.64 
128 2.07 2.04 2.01 2.17 1.98 1.77 2.07 2.56 
129 2.77 2.36 2.12 2.33 2.25 1.97 2.29 2.25 
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5.4 Abbreviations 

Å Ångström °C degrees Celsius 

µL Microliter µg Microgram 

µm Micrometer µs Microsecond 

A Alanine ADP Adenosine 5‘-diphosphate 

AlF4 aluminum fluoride (AlF4)  APS Ammonium Persulfate 

Arg Arginine Asp Aspartate 

ATP Adenosine 5‘-triphosphate B-factor 
Temperature factor or uncertainty of atomic 

position 

BeFX beryllium fluoride bp Basepair 

BSA Bovine serum albumin CAR  Cytokinetic Actomyosin Ring 

C Carbon Cα Alpha-carbon 

C- Carboxy- (peptide terminal) cc Coiled coil 

Cl Chloride cm Centimeter 

COOH Carboxyl group cryo-EM  Cryogenic Electron Microscopy 

CV Column volumes cys Cystein 

d desoxy D Aspartate 

Da Dalton DCM  dilated cardiomyopathies  

Dd Dictyostelium discoideum DESY Deutsches Elektronen Synchrotron 

DMSO Dimethyl sulfoxide DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease Dr Doctor 

DTT Dithiothreitol E Glutamate 

EB Elution buffer E. coli Escherichia coli 

EDTA (Ethylenedinitrilo) tetraacetic acid EG Ethylene glycol 

EGTA Ethylene glycol-bis(2-aminoethylether) 
EMD 

57033 

(+)-5-(1-(3,4-Dimethoxybenzoyl)-1,2,3,4-

tetrahydroquinolin-6-yl)-6-methyl-3,6-

dihydro-2H-1,3,4-thiadiazin-2-one 

et al. et alii (from latin “and others”) ESRF European Synchrotron Radiation Facility 

f-Actin Filamentous actin F Phenylalanine 

FL Full length FPLC Fast performance liquid chromatography 

fs Femtosecond G Glycine 

g Gram G418 Geneticin 418 



Appendix 

113 
 

GCN4 
GCN4-gene leucine zipper; sequence: 

LENEVARLKKLV 
glc Glucose 

Glu Glutamate h hours 

H Histidine H-bond Hydrogen bond 

HCM Hypertrophic cardiomyopathies HEPES 
(4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid) 

His Histidine Hz Hertz 

I  Isoleucine IPTG Isopropyl β-d-1-thiogalactopyranoside 

IR Infrared k Kilo 

K Lysine kb Kilobases 

KCl Potassium chloride keV Kiloelectronvolt 

kg Kilogram L Leucine 

L50 Lower 50 kDa domain lac Lactose 

LB-

Medium 

Lysogeny Broth Medium (or sometimes 

Luria-Bertani Medium) 
LB-Agar 

Lysogeny Broth Agar (or sometimes Luria-

Bertani Agar) 

LBA Local Bending Angle Leu Leucine 

LSA Local Staggering Angle Lys Lysine 

M Methionine mA Milliampere 

MD Molecular Dynamics Met Methionine 

mg Milligram Mg Magnesium 

min Minute mL Milliliter 

mm Millimeter mM Millimolar  

MME Monomethyl ether mol Mole (unit) 

MPD 2-Methyl-2,4-pentanediol ms Millisecond 

MWCO Molecular weigth cut-off MYH Myosin heavy chain 

Myo Myosin N Asparagine 

N-  Amino- (peptide terminal) NaCl Sodium Chloride 

NH2 Amine group Ni Nickel 

nL Nanoliter nm Nanometer 

NMR Nuclear magnetic resonance ns Nanosecond 

NM2 Nonmuscle myosin2 
NM2B-

2R 

Nonmuscle myosin2B with artificial 

leverarm containing two actinin repeats 

NM2s Nonmuscle myosins OD600 Optical density at wavelength 600 nm 
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OM Omecamtiv mecarbil PBS Phosphate buffered saline 

PDB Protein database (www.rcsb.org) PEG Polyethyleneglycol 

pH 
Negative decadic logarithm of 

hydrogen ion concentration 
pL Picoliter 

pnCCD 

p- and n-junction (of boundary 

interface silicon bands) charge coupled 

device 

PMSF Phenylmethanesulfonyl fluoride 

pps Pre-powerstroke Prof Professor 

ps Picosecond Q Glutamine  

R Arginine RMSD 
Root-mean-square deviation of atomic 

position 

RNA Ribonucleic acid RNase Ribonuclease 

rpm Rounds per minute RT Room temperature 

s Second S Serine 

SAD 
Single-wavelength anomalous 

dispersion 
SDS Sodium dodecyl sulfate 

SDS-PAGE 
Sodium dodecyl sulfate – 

polyacrylamide gel electrophoresis 
Se Selenium 

Sf Spodoptera frugiperda Sp Schizosaccharomyces pombe 

SSB Single stranded DNA binding protein T Threonine 

T-jump Temperature jump TAME Tert-Amyl methyl ether 

TEMED Tetramethylethylenediamine TPCK 
N-p-Tosyl-L-phenylalanine chloromethyl 

ketone 

Tpm Tropomyosin Tris Trishydroxymethylaminomethane 

Trp Tryptophan u Units (catalytic units) 

U50 Upper 50 kDa domain Uv Ultraviolet 

V Valine VMD Visual Molecular Dynamics 

v/v Volume by volume v/w Volume by weight 

vTpm Vertebrate Tropomyosin VO3 Vanadate 

W Tryptophan XFEL X-ray free electron laser 

xg Times gravity 
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