technische universitat Max-Planck-Institut
dortmund fur molekulare Physiologiec ~ mpi

Atomic insights into muscle contraction

by transmission electron cryomicroscopy

Dissertation
zur Erlangung des akademischen

Grades eines Doktors der Naturwissenschaften ¢
der Fakultat fiir Physik

der Technischen Universitat Dortmund

angefertigt am
Max-Planck-Institut fiir
Molekulare Physiologie in Dortmund

vorgelegt von

Julian von der Ecken

September 2016






Erstgutachter Prof. Dr. Metin Tolan
Fakultit Physik, Technische Universitdt Dortmund

Zweitgutachter Prof. Dr. Stefan Raunser
Abteilung fiir Strukturbiochemie, Max-Planck-Institut fiir molekulare Physiologie
Fakultéat fiir Chemie und Chemische Biologie, Technische Universitdt Dortmund

Tag der Abgabe der Dissertation: 15. September 2016






Content

(@054 § 3 4§ Rt 1
L 31 o ) A e =N 111
1 Abstract & ZusammenfasSUunZ....ccccviiiiiiieiiiiiiiiiiiiiiirrrrrtr ettt ettt eeeeaaes 1
O N o] = o1 A 1
1.2 ZUSAIMINENTASSUIIE «.eeiiiiiiiiiiieee et e ettt e e e e e e e e e e et et et et e e et 2

DN 1 oo Yo R b Ued 5 () o At 3
2.1 Structural biology at atomic reSOIULION . . ...uuiiiiiiiiii e 3
2.2 Cytoskeleton and motor PrOLEINS .. ..ceeiiiiiiiiiiiiiiee e 6
2.2.1  Actin, Myosin and their IterPlay..........coiiiiiiiiiiiiiiiiiieee e e e 7
2.2.2  Structure determination in this context ... 14

2.3 ElECHTON TNICTOSCOPY +uuneettttiiiteet ettt e e ettt e ettt e e e ettt e e e et ettt e e e e eatbi e e e e eetta e eeeeeatinnseeeeee 19
2.3.1 Transmission electron microscopy on biological samples ...........ccoeveiiiiiiiiiiiiiiiiiiiineiiiiiinnn. 20
2.3.2  Single particle and helical recONSEIUCTION ... .cciiiiiiiiiiiiiiiiie e 24
2.3.3 Recent developments in TEM: “resolution revolution”.............ccocoeiiiiiiiiiiiiiiiiniiiie e, 27

2.4 AIm of this WOTK coiiiiiiiii e 32

3  Material and Methods......ccocviuiiiiiiiiiiiiiiiiiiiiiii e 33
3.1 Protein PULIfICATION .eeiiiiiii ettt e ettt e e et e e 33
3.1.1  Proteinl SAIIPLES ..ouiiiiiiiii ettt 33
3.1.2  Purification of G-actin ......coooeiiiiiiiiiiiii e 34
3.1.3 Final purification step Of G-aCtiNl........ccouuuiiiiiiiiiiiiiii e 35

3.2 Sample preparation for TEM ........oiiiiiii et 37
3.2. 1 Negative SEAIIIIIEZ . ..uuuieiiiie ettt 37
3.2.2  Cry0 VIETIHICATION .. .uttiiiii e 39

3.3  Screening and data aCqUISTEION . .....uutiiiiiii e e e 41
3.3.1 Screening with negative StaiNINg ........ccouuuiiiiiiiiiii e 41

3.3.2  Screening for cryo-EM sample cOnditions ...........uoiiiiiiiiiiiiiiiiiiiineeeee e 42
3.3.3 Data acquisition for high-resolution cryo-EM ..........ccooiiiiiiiiiiiiiiiiiiiie e, 43

3.4 Computational methods in cryo-EM ........ccoiiiiiiiiiiiiiiiiii e e 44
341 DaAta Pre-PrOCESSITIZ ... teeieiiiie ettt e ettt ettt e e e ettt e e et et eeeeeetai e e e eeeenaaees 45

3.4.2 Two-dimensional (2D) classifiCation ..........ccccoviiiiiriiiiiiiiiii e 47
3.4.3 Three-dimensional (3D) refiInement ...........ccccoriiiiiriiiiniiiiiiiiciie e 49
3.4.4 Correcting for particle movement and beam-induced damage ............cccceveeeeiiiiiinneereninnnnn.. 50
3.4.5 Methods for sanity check of projection parameters of filamentous samples...................... 51

3.4.6  Post-processing and resolution estimation .............ooceeiiiiiiieiiiiiiiinieiie e 51

3.5 Model building and refinement ...........coouuiiiiiiiii e 53
3.5.1 Preparation of the EM density map......c.u.oeeeeiiiiiiiieeiiiiiee e 53

3.5.2  MOdel DUILAIIIG «ovveiiiiiiiii ettt 53

3.5.3 Model refinement and validation ............oooiiiiiiiiiiii s 54



3.6 Tools for visualization and characterization of a protein structure...........ccccccoeeeiiiiiiiiiinennnnn. 56

4 Results & DiSCUSSION tuueuiiitiiiiiiiiiiiii ettt sttt et e e esasasasansans 57
4.1 Reconstitution of the protein COMPIEXES ...couuvuiiiiiiiiiiiiii e 57
4.1.1 Evaluation of F-actin with negative staining EM...........ccccooiiiiiiiiiiiiiii e 57
4.1.2 Reconstitution of the F-actin-tropomyosin compleX..........ccuuuiiriiiiiiiiiiiiiiiiiiiiineeeiiiiieeeeees 59

4.1.3 Vitrification of F-actin COMPIEXES .......uoiiiiiiiiiiiiieiiiie e 60

4.1.4 Decoration of F-actin with myosin in cryo-EM ........cccooiiiiiiiiiiiiiii e 62

4.2 Improved helical reconstruction: HELICON .......ccooiiiiiiiiiiiiii e 64
4.2.1  Helixboxer and shiftali..........couuiiiiiiiiiii e 65
4.2.2  Helicon and heliconloCal ............iiiiiiiiiiiii e e 67

4.3 Structure of a skeletal F-actin-tropomyosin complex ............cvveiiiiiiiiiniiiiiiiiiinieeeiiieeeeeeeiin. 70
s T N 011 =1 USSR 70
4.3.2  Structure of F-actin-tropOmMYOSIN . ..couutiuiiiiiiiiiiie e 71
4.3.3 Intra- and Interstrand contacts of the F-actin filament ..............ccooooiiiiiiii 73
4.3.4 The D-loop and its key function for the filament stability .........cccooooeiiiiiiiiii 74
4.3.5 G- 10 F-actin transSition ... eeeeeeeee i e 75
4.3.6 Tropomyosin position on F-actin in an Apo-state.........ccooviiiiiiiiiiiiiiiiiiiiiieee e, 78
4.3.7 Model of tropomyosin transition by myosin binding ..........cccoeeeiiiiiiiiiiiiiiiiiin e 80
4.3.8  ApPpPlied MeEthOAS. ..oiiiiiiiiii e 83

4.4  Structure a human cytoplasmic actomyosin COMPleX........ouuuiiiiiiiiiiiiniiiiiiiiie e, 88
O N 011 =1 TS USSSPRPP 88
4.4.2  Structure of the ATM COMPIEX ...oiiiiiiiiiieei et e e e e eaaeas 89
4.4.3 Helix-loop-helix motif as the key binding region .............ccviiiiiiiiiiiiiiii e 90
4.4.4 Cardiomyopathy loop completes the rigor interface .........cccoooevveiiiiiiiiiiiiiii e 92
4.4.5 Role of loop 2 in initial DInding.......couuuuiieiiiiiiii e 93
4.4.6  LOOP 3 QS AN ASSISTAINT «.vvuueeiiiiiiiie ettt ettt e ettt et e e et e eeeee 94
4.4.7 Supporting instead of activation 100D .......coouuuiiiiiiiiiiiii e 95
4.4.8 Myosin-induced conformational changes in F-actin.........ccccooooiviiiiiiiiniiiiiieee 96
4.4.9 Actin-induced conformational changes in MYOSIN..............oooiiiiiiiiiiiiiiiiiiiieee e e, 97
4.4.10 Mechanism of myosin binding t0 F-actin........cccooiiiiiiiiiiiiiii e 98
4.4.11  Applied MethodS . ..ooiiiiiiiiie e e e e e 101

4.5 Comprehensive discussion and oUtIOOK.............eiiiiiiiiiiiiiiiiie e 107
4.5.1  Validation of the TESUIES ....cceiiiiiiiiei e 107
4.5.2 The results and their PersPeCtIVES ......uviiiiiiiiii e e e e e e eaes 110
4.5.3 General perspectives of cryo-EM ......coouiiiiiiiiiiiiiiii e 114

S B Y cY 3 3 4 U] L N 117
(N o] 0 1<7 1 Lo 1 b QPPN 139
LT I =Y o) 1 PP PPPPPPT 139
6.2 FIGUIES et 144

J D E N0 DTz b U <Y N 153
Publikationen und Konferenzbeitrage....cocoeviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinicr e 155

0 0 1< 0N 157



List of Figures

Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6.:
Figure 2.7:
Figure 2.8:
Figure 2.9:

Figure 2.10:
Figure 2.11:
Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:
Figure 2.16:
Figure 2.17:
Figure 2.18:
Figure 2.19:
Figure 2.20:

Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:
Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9:

Resolution limits of imaging technologies. ..........ovviiiiiiiiiii i 3
Variety of F-actin-myosin interaction. ...t 6
Actin polymerization and ATP hydrolySis. .......uuueuueuiimiiieieieie e eeee e 7
F-actin subunit and subdomains. .........o.uuiiiiiiiiiiiii e 8
The myosin family and myosin class TL. ......coooiiiiiiiiiiiii e 9

Myosin architecture and cross-bridge Cycle. .....oouuiiiiiiiiiiiiiiiiie e 10
The Cross-bridge cycle in detail. .......cooouiiiiiiiiiii e 12
Tropomyosin hinders and allows myosin binding to F-actin.........cccccoeeiiiiiiiiiniiiiiinn 13
First structures of ACTiN. ... .ooii i 15
Atomic MOdels Of F-QCITL. wuvvruiiiiiiiiiiieee et e e e e e e e e e e e e e e e e e e e eeeearaees 17
Atomic MOodel Of ACEOIMLYOSIIL. w.vvuuiiiiiiieieeeee e e et e ee e e e ettt e e e e e e e e e eeaeaeeeeeeeeeeeaees 18
Setup of a transmission electron MIiCrOSCOPE. ....c.uuuiiiiiiiiiiiieeiiiiie e et e e e e eaaens 20
The contrast transfer function (CTEF). ...coccciiiiiiiiiiiiiiiiiii e 22
Projection image of vitrified sSamples..........uuiiiiiiiiiiiiiii e 24
Projection parameters and helical symmetry. .........ooooeiiiiiiiiiiiiiiii e 25
Refinement and reConStITUCTION. . ....uuuuniiiiiiiii e 26
Cryo-EM structures at atomic reSOIUTION. .......uuieiiiiiiiii et 27
Layout of different types of Cameras. .........uuviiiiiiiiiiiiiiiiiie e 28
Motion correction of MOVIE fTamMES. ....oieiiiiiiiiiiii e 29
DQE of different deteCtors. ..ooiuu.iiiiiiiiie e e e i 30
EM glId TAFOUb. ceeveie ettt 37
Grids and PIUNGE fTEEZETS. ....uuiiiiiiiiie ettt e et eeeeeaie s 39
Used transmission electron MiCTOSCOPES. ..u.eeiiiruuieeeetiiiii ettt e ettt e et et e e e e eeeii e eeees 42
Schematic workflow of data ProCeSSING. ......ovviiiiiiiiiiieii e 44
CTF parameter set and CTF esStimation. ........ccoeiiiiiiiiiiiiiiiiiniiiee e 46
Filament selection and eXtTaCtion. ..........oiieiiiiiiiiiiii e 47
Example of 2D-ClassifiCations. «..... e 48
Particle-based movie refinement. ............ooviiiiiiiiiiiiii e 51
Define geometry weights in model refinement...............ooviiiiiiiiiiiiiiii e 55
Evaluation of the quality and concentration of F-actin sample. .........ccooeeiiiiiiniiiiiinn. 58
Empirical adjustment of tropomyosin concentration. ...........ccceeeveeiiiiiiiineeiiiiiiiineeeiiiiee e 59
Screening for best vitrification conditions for F-actin-tropomyosin. ...........cccccceeiveiiiinnnnnn.. 61
Decoration of F-actin with myOSin. .......uuuiieiiiiiiiiii e 62
The HELICON WOTKILOW. ..iiiiiiiiiie et e et e e 64
Helizbozer - manual boxing of fillaments. ..........coiiiiiiiiiiiiinii e, 65
Shifitali - centering the SEEIMENTS. «....uuiiii it 66
Helicon — initial aligning of the segments. ........coiiiiiiiiiiiiiiiii e, 67
Heliconlocal - allowing flexibility to the segments within a filament. ........ccccc.oooooiiiiiii. 68



Figure 4.10:
Figure 4.11:
Figure 4.12:
Figure 4.13:
Figure 4.14:
Figure 4.15:
Figure 4.16:
Figure 4.17:
Figure 4.18:
Figure 4.19:
Figure 4.20:
Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:
Figure 4.34:
Figure 4.35:
Figure 4.36:
Figure 4.37:
Figure 4.38:
Figure A6.1:
Figure A6.2:
Figure A6.3:
Figure A6.4:
Figure A6.5:
Figure A6.6:
Figure A6.7:
Figure A6.8:

Cryo-EM structure of F-actin decorated with tropomyosin..........c.oeeeevviiiiiiiiiiiiiiinnneerennnn. 71
Micrograph and 2D-classification of the cryo-EM dataset. ........cooveeiiiiiiiiiiiiiiiiiiinieiiiiinnnn, 72
Representative regions and resolution of the F-actin cryo-EM map. .......ccoovvviiiiieiiiinnnnn... 73
Filament stability by intrastrand and interstrand interactions. .......c.cccooeeeiiiiiiiireeiiiinnnnn... 74
Destabilization of the D-100p Dinding. .........ccoouuviiiiiiiiiiiiii e 75
G-actin t0 F-actin transition......ooouuiie i e 76
Model of barbed end binding and G- to F-actin transition............ccccccveiiiiiiiiiiiinneniiiininnn... 77
Model of pointed end binding and G- to F-actin transition...........cccccceeeviiiiiiiiiinnieniiininn... 78
F-actin interaction with trOPOMYOSIN. «.evuuuiiiiiiiiiiie e 79
Comparison of reconstructions regarding the tropomyosin position on F-actin................. 80
Tropomyosin transition on F-actin induced by myosin binding. ...........coeeeeeiiiiiiieeriiinnnnn... 81
Model of tropomyosin transition on F-actin during myosin binding...........ccccceeeveeiiiinnnnn... 82
Micrographs and two-dimensional classification with negative staining EM. .................... 84
B-factor distribution and not resolved N and C termini............ccccccciiiiiiiiiiiiiiiiiiiinn. 86
Structure and model of the ATM COMPIEX. .ooiiiiiiiiiiieiiiiiie e 89
Resolution range of the density map. ......oovveiiiiiiiiii e 90
Helix-loop-helix motif bound t0 F-actin..........oouuiiiiiiiiiiiiiiiii e, 91
Interfaces of the ATM COMPLEX. .uuuiiiiiiiiiiieiee e e e 92
CardiomyOPatiy LOOPD .. .cciiiiiiiieiee e 93
Stabilization Of LOOP 2. ...iiiiiiiiii e e e et aaa e aaas 94
Sequence-dependent interaction of supporting loop with N terminus of F-actin. .............. 95
Comparison of PPS and rigor state and induced changes in F-actin.............cccocoeeeiiiiinnnn. 96
Comparison of rigor and rigor-like myosin Structures. ..........ocoeevviiiieiiiiiiiiieeieiiiiie e, 98
Model of myosin binding t0 F-actin.........coviiiiiiiiiiiiiii e 99
Strut attraction to the base of loop 2 promotes cleft closure...........cccviiiiiiiiiiiininnnnn. 100
Two-dimensional classifications and three-dimensional refinement. ...........c.ccoovvveiiieennnnn. 102
Average and 10Cal TESOIUBION. ....eeeeiiiiiiiiiii e e e et 103
Model refinement and B-factor distribution. ...........cccocooiiiiiiiiiii, 105
Fitting of atomic model to EM density by the ‘Dirty laundry server’........cc.c.ooeeevvvnnnnn... 109
Inter- and intrastrand F-actin interactions. ...........ccccccciiiiiiie e 144
Nucleotide DINAing SITe.....cciiuuiuiiiiiiiiiie e et eees 145
Sequence alignment of the HLH motif. ..., 146
Loop 2 and 100p 3 0N F-aCtiN.....oiiiiiiiiiiiiiiiie e 147
Sequence-dependent interaction of supporting loop with the N terminus of F-actin. ..... 148
Myosin-induced conformational changes in F-actin. ........ccccooooiiiiiiiiiiiiniiiii, 149
Different alignments of models for weak to strong binding of myosin. ...........ccccceeeeeeeien 150
Lever arm movement between PPS and rigor state........ccooooiviiiiiiiiiiiiiiiiiiiee 151



Abstract & Zusammenfassung

1 Abstract & Zusammenfassung

1.1 Abstract

Force generation for muscle contraction is based on the interaction of myosin filaments with actin
filaments (F-actin). Interestingly, the fundamental mechanism is equivalent to a single transport
process of a myosin dimer carrying a cargo on an actin microfilament of the cytoskeleton. Proteins like
for example tropomyosin regulate both types of interaction. Researchers have tried to analyse the
molecular structures of the involved proteins for more than fifty years. However, until recently high-
resolution structures of F-actin in complex with myosin or tropomyosin were lacking, which could shed
light on the mechanochemical reaction cycle during interaction from a structural point of view.
Although crystal structures of monomeric actins and isolated myosins could give first insights in how
conformational changes drive the transformation of chemical energy into directed mechanical force, an
actomyosin complex could not be crystallized.

In my doctoral thesis I present a structure of F-actin in complex with tropomyosin and a
structure of the F-actin-myosin-tropomyosin complex. I applied transmission electron cryo microscopy
(cryo-EM) to obtain the structures. Furthermore, I could improve the processing of the data by using
the symmetry parameters of the actin filament for determination of the projection parameters to
perform the reconstruction.

With the F-actin-tropomyosin structure several proposed interaction sides of the F-actin subunits
were directly visualized and confirmed. Furthermore, based on the structure a model was developed
describing the mechanism of polymerization of the actin filament. The DNase-binding loop is the key
mediator during polymerization. The position of tropomyosin on F-actin differs from previous
structures, so that these published results should be revised or extended. A comparison of the position
of tropomyosin on F-actin with and without bound myosin revealed that tropomyosin has to perform a
significant shift or rotation on the actin filament to release the myosin binding site during transition.

The structure of the F-actin-myosin-tropomyosin complex is in the rigor state. In this state
nucleotide-free myosin is strongly bound to F-actin. For the first time, the structure allows analysing
of the interface of all three proteins at near-atomic resolution and evaluating of known mutagenesis
studies. A comparison of the structure with other intermediate states of myosin made it possible to
propose a mechanism on how F-actin promotes the ATPase activity of myosin. In particular, the C-
terminal base of loop 2 attracts the strut in myosin while getting stabilized by the N terminus of an F-
actin subunit.

The structures and derived atomic models of both complexes will lead to a better understanding
of diseases like myopathies, in particular cardiomyopathies. In addition, the established methods can
be further applied to actomyosin complexes, in which actin, myosin or tropomyosin are stabilized in

other intermediate states of the reaction cycle.
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1.2 Zusammenfassung

Jede Kontraktion eines Muskels basiert auf dem Zusammenspiel von Millionen Myosinmolekiilen mit
Aktinfilamenten (F-Aktin). Dabei unterscheidet sich interessanterweise der fundamentale
Mechanismus der Interaktion nicht von dem, der bei Transportprozessen in der Zelle stattfindet, wenn
nur ein Myosindimer eine Fracht entlang des Aktinzytoskeletts bewegt. Sowohl die Muskelkontraktion
als auch die Transportprozesse werden dabei von aktinbindenden Proteinen wie zum Beispiel
Tropomyosin reguliert. Die Interaktion aller beteiligten Proteine wird seit mehr als einem halben
Jahrhundert studiert. Dennoch fehlen bis dato hochauflosende Strukturen dieser Proteine in einem
Komplex, um den hochst komplexen Reaktionszyklus wahrend der Interaktion strukturell im Detail zu
verstehen, bei dem chemische in mechanische Energie umgewandelt wird. Obwohl Kristallstrukturen
von monomerem Aktin und isoliertem Myosin bereits seit vielen Jahren erste Aufschliisse tiber die
Strukturdnderungen wéhrend der Interaktion geben konnten, wurde eine Kristallisation eines
Aktomyosin-Komplexes nicht erreicht.

Im Rahmen meiner Doktorarbeit habe ich die Struktur von F-Aktin in Komplex mit
Tropomyosin und die Struktur des F-Aktin-Myosin-Tropomyosin-Komplexes gelost. Fiir die
Strukturbestimmung habe ich die Methode der Transmissionselektronen-Kryomikroskopie (Kryo-EM)
angewendet. Dariiber hinaus habe ich die Datenauswertung dahingehend verbessert, dass die
vorhandenen Symmetrieinformationen wéhrend der Bestimmung der Projektionsparameter fiir die
Erstellung der Rekonstruktion besser genutzt werden konnten.

Mit der Struktur des F-Aktin-Tropomyosin-Komplexes wurden nicht nur viele bereits
bekannte Wechselwirkungen der Aktinuntereinheiten direkt visualisiert und bestétigt, sondern sie
diente auch als Grundlage fir ein Modell des Polymerisationsmechanismus von Aktin. Die DNase-
bindende Doméne von Aktin nimmt dabei eine Schliisselrolle ein. Die Position von Tropomyosin auf F-
Aktin unterscheidet sich von vorherigen Modellen, sodass diese hinterfragt beziehungsweise erweitert
werden miissen. Ein Vergleich der Position von Tropomyosin auf Aktin in An- und Abwesenheit von
Myosin hat ergeben, dass Tropomyosin eine signifikante Rotation oder Verschiebung auf dem
Aktinfilament vornehmen muss, um die Bindungsstelle fiir Myosin wéhrend der Interaktion
freizugeben.

Die Struktur des F-Aktin-Myosin-Tropomyosin-Komplexes ist im Rigor-Zustand, bei dem
Myosin nukleotidfrei und fest an das Aktinfilament gebunden ist. Die Struktur erlaubte zum ersten
Mal die Beschreibung der Schnittstellen der drei Proteine in fast atomarer Auflésung und die
Evaluierung von bekannten Mutationsstudien. Ein Vergleich mit Strukturen anderer Zwischenzustidnde
von Myosin ermoglichte das Aufstellen eines Modells, das den Mechanismus der aktininduzierten
Verstarkung der ATP-Hydrolyseaktivitat tiber die Wechselwirkung der C-terminalen Basis von Loop 2
mit dem ,,Strut“ von Myosin erklart, wahrend der N-Terminus von Aktin stabilisierend wirkt.

Durch das Losen der Strukturen beider Komplexe ist es nun moglich mit den erstellten
molekularen Modellen krankheitsbedingte Fehlfunktionen, die zum Beispiel bei
Herzmuskelerkrankungen (Kardiomyopathien) auftreten, besser zu verstehen und weiter zu
analysieren. Dariiberhinaus kénnen die etablierten Methoden fiir weitere Analysen von Aktomyosin-
Komplexen genutzt werden, in denen andere Zwischenzustidnde des Reaktionszyklus von Aktin,

Myosin oder Tropomyosin betrachtet werden.
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2 Introduction

2.1  Structural biology at atomic resolution

It is known that it is possible to decode the genomic code. But just by encrypting a four-letter code or
knowing an amino acid sequence it is neither possible to understand the function nor possible to
determine the three-dimensional structure of a biological molecule directly (for example of a protein).
The aim of structural biology is to determine the structure of a molecule or molecular complex of

interest and thereby to reveal its architecture and its functionality.
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Figure 2.1: Resolution limits of imaging technologies.

General overview of different methods applied in imaging in a biological context. The techniques are ordered
regarding to their resolution ranges. To obtain a near-atomic or atomic structure only the last five methods
from the bottom to the top including single particle electron microscopy are suitable. Significant improvements
in the resolution ranges or new methods within the last years are highlighted in orange. For example
‘Stimulated Emission Depletion’ (STED) pushed the resolution of florescence light microscopy (Hell and
Wichmann, 1994; Klar et al., 2001). In addition, the limits have to be further defined for the very young
methods of using a free-electron laser (XFEL) on nanocrystals or electron diffraction by microcrystals
(MicroED) for structure determination (indicated by arrows). The upper methods can be used for larger scales
as well (indicated by pointed line).

Different methods can be applied for that purpose and have been established in the last decades.
Besides that, new technologies made it possible to derive new applications and perform significant

improvements within the last years. The main differences of the methods are the achievable resolution
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ranges and the applicable size and type of the target. In Figure 2.1 several imaging technologies are
ordered with respect to their resolution limits. Only the latter five techniques are suitable to obtain
structures with a resolution in the nanometre range. Especially X-ray crystallography is the most
abundant and established method and has been used worldwide over the last decades to obtain atomic
models of molecules including proteins. However, since for crystallography the biological sample has to
be crystallized in a non-physiological environment, obtaining diffracting crystals from several protein
classes is difficult. Examples for these cases can be membrane proteins, filaments or larger protein
complexes. Furthermore, it has to be ensured that the sample itself is suitable (like being homogenous,
not flexible and stable) to allow the actual crystallization. Young technologies like free-electron laser
(XFEL) nano-crystallography (Chapman et al., 2011; Gavira, 2015; Helliwell, 2013) or electron
diffraction on microcrystals (MicroED; Nannenga et al., 2014; Shi et al., 2013; 2016) made it possible
to collect diffraction patterns of tiny crystals and to derive the three-dimensional structure of the
molecule. Nevertheless, these methods still require the formation of crystals to determine the structure.
Other methods like ‘small-angle X-ray scattering’ (SAXS) and ‘nuclear magnetic resonance’ (NMR)
spectroscopy can fill some of the left gaps and can be used in a complementary manner, but have their
own limitation. SAXS deals with the biological sample in solution and thereby a more native
environment (Mertens and Svergun, 2010). Besides, in SAXS it is possible to expose the sample to
extreme conditions (e.g. pH, pressure, salt concentrations) to study its structure or behaviour (Gao et
al., 2015; Schroer et al., 2010), which is not possible in a crystallographic setup. Unfortunately, the
overall resolution is in the lower nanometre range and can only describe the overall shape. In
comparison to SAXS, NMR is capable of obtaining the three-dimensional structure of a protein in its
more native environment in solution up to atomic resolution. Nevertheless, NMR is limited to small
proteins (<20 - 30 kDa) and the interpretation of the data gets more difficult with an increasing
molecular weight (Wiithrich, 2001). But not all biological samples are soluble. Therefore, proteins like
for example membrane proteins cannot be analysed easily in theses setups of SAXS or NMR.
Transmission electron microscopy - in particular single particle electron microscopy (single particle
EM, see also section 2.3) - has been used for a long time to study biological objects. Recently, it went
through a great improvement in terms of resolution (see subsection 2.3.3). In comparison to
crystallography, the samples in EM can be in solution similar to SAXS but furthermore structures at
near-atomic and atomic resolution like it is possible in crystallography can be obtained. The method is
still limited by the size of the molecule (= 100-200 kDa), but the barrier is being moved towards higher
resolution for smaller proteins continuously. The big advantage is that larger protein complexes or
filamentous structures can be structurally analysed and heterogeneity (for example due to flexibility or
conformational states) can be compensated by digital sorting methods during analysis of the data.
Furthermore, by embedding of proteins in lipid bilayers (e.g. nanodiscs) the protein class of membrane
proteins can be analysed.

Besides using only one method to obtain structural information, it is possible to apply several methods
in parallel (hybrid approach). For example a full protein complex derived from single particle EM can
be built by using several subcomponents, which are already solved at atomic resolution by
crystallography (Gatsogiannis et al., 2014; Urnavicius et al., 2015). In addition, a pseudo-atomic model
derived from single particle EM can be used to solve the diffraction pattern in crystallography
(Meusch et al., 2014). Other hybrid approaches are applied to directly obtain structural, quantitative
and correlative information using a combination of transmission electron microscopy and fluorescence

microscopy (Bykov et al., 2016; Kukulski et al., 2012; Wolff et al., 2016). Furthermore, electron
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tomography can be applied to study a greater field of view and the respective biological object, area or
compartment in its native environment like in a cell, but is still limited to the mid-nanometre range
(Asano et al., 2016; Mahamid et al., 2016). One method to improve the resolution in tomography is to
average tomograms of the same molecule via a ‘subtomogram averaging’ approach (Briggs, 2013;
Schur et al., 2015).

Altogether, when crystallization of the respective protein sample is possible, conventional X-ray
crystallography or younger adaptions of this method (using XFELs or electron diffraction) will most
likely result in a protein structure at atomic resolution. However, for several types of proteins, their
dynamics or environments make structural analysis and obtaining diffracting crystals difficult and
thereby deriving an atomic model is only achievable by other methods like transmission electron

microscopy and single particle analysis.
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2.2 Cytoskeleton and motor proteins

All eukaryotic cells have a highly dynamic protein network — the cytoskeleton — of elongated
(filamentous) protein assemblies, which stabilizes the shape and architecture of the cell. The
cytoskeleton is not only the backbone of a cell, but also coordinates a network for transport processes
within a cell and is responsible for motility and growth of the cell itself (Fletcher and Mullins, 2010).
Three kinds of filament classes form the cytoskeleton in a eukaryotic cell: microtubules, intermediate
filaments and microfilaments. The microfilaments are built up out of actin, which is one of the most
abundant and conserved proteins and has a variety of function in eukaryotic cells (Figure 2.2a; Lodish
et al., 2008).
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Figure 2.2: Variety of F-actin-myosin interaction.

a, The fundamental mechanism of F-actin-myosin interaction is present in several parts of a cell. For example,

actomyosin interaction (of nonmuscle myosins and actins) takes part in cell migration, secretion, receptor

positioning and vesicle transport. Figure taken from Heissler and Manstein (2012). b, Scheme of a sarcomere

(basic contractile unit in a striated muscle tissue, size ~ 2 pm). The sarcomere describes the area between two Z-

discs. F-actin filaments are bound to the Z-discs and are aligned to the inner sarcomere with its minus end from

both sides. The bipolar myosin filaments can ‘walk’ on F-actin to the plus end and thereby induce a shortening

of the sarcomere during muscle contraction. Figure taken from Spudich (2014).
Prokaryotes have protein families in their cytoskeleton, which share the same fundamental
architecture and mechanisms with actin. MreB and ParM are the respective actin-like proteins in a
prokaryotic cell in the case of actin (Erickson, 2001; Gunning et al., 2015a). Besides cell stability and
motility, cytoskeletal proteins are involved in directed transport processes. For that purpose, motor
proteins can ‘walk’ on the filament while carrying the cargo. The energy is derived by ATP-hydrolysis
in a mechanochemical reaction cycle (Lymn and Taylor, 1971; Vale and Milligan, 2000). The
movement of myosin, the respective motor protein for actin, represents a fundamental mechanism of
force generation and interaction. Interestingly the fundamental interaction does not differ between the
interplay of a single myosin molecule with a cytoplasmic actin (microfilament, Figure 2.2a) or the
interplay of several myosin heads with muscular actin (thin filament) within a muscle fibre (Figure
2.2b; Spudich, 2014; Squire, 1997). This section introduces into the architecture and interplay of actin
and myosin (subsection 2.2.1) and gives an overview of structure determination of the proteins on its

own and in complex (subsection 2.2.2).
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2.2.1 Actin, Myosin and their interplay

Actin exists in two structural forms

Monomeric actin (G-actin, globular actin) consists of 374 - 375 amino acids and has a molecular
weight of ~ 42 kDa. There are six different genes that encode actin in Homo sapiens. Actin isoforms
mainly differ in their localization (skeletal: ACTAI1; smooth muscle: ACTA2, ACTG?2; cytoskeletal:
ACTB, ACTG1; cardiac: ACTC1) but show the same structural organisation (Gunning et al., 1997).
Besides a high sequence identity between the human isoforms (identity > 94 %), they also show a very
high conservation with actins from other organisms (100 % and 84 % identity of skeletal actin
(ACTA1) to Oryctolagus cuniculus (European rabbit) and Cyanidioschyzon merolae (Red alga),

respectively), making this one of the most conserved protein families known.
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ADP
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a, Monomeric actin (G-actin; globular actin) can polymerize to double-stranded actin filament (F-actin;
filamentous actin). Myosin can bind to F-actin and can create a force to move on F-actin in one direction
(direction can differ between myosin classes). Tropomyosin is wrapped around F-actin and is part of a regulatory
mechanism, which switches the F-actin-myosin interaction on and off. b, F-actin polymerisation (nucleation and
elongation) is a highly dynamic process, in which actin can associate and dissociate to and from both sides of the
filament. Furthermore, within the filament ATP is hydrolysed to ADP-P; and P; is released. In addition, capping
proteins can specifically stop growing of the ends of F-actin. Subfigure modified and adapted by permission from
Macmillan Publishers Ltd: Nature Review Cancer of Niirnberg et al. (2011). ¢, Due to the hydrolysis of ATP and
induced conformational changes in the F-actin subunit (see also Figure 2.4), the filament itself has a structural
inhomogeneity. Especially at the ends, the respective conformational state is unknown and shows a higher
flexibility in comparison to the rest of the filament.

Actin can polymerize to actin filaments (F-actin, filamentous actin, Figure 2.3) and form the so-called
microfilaments, which are part of the cytoskeleton of the cell (see introduction of this section). Actin
can make up to 5 % of the weight of a single cell (Blanchoin et al., 2014; Nirnberg et al., 2011).
Besides the cytoskeleton, F-actin is one of the main parts of a muscle fibre. Within a sarcomere
(smallest contractile unit in a muscle fibre), F-actin is aligned in parallel and forms the thin filament
with the regulatory proteins troponin and tropomyosin (Figure 2.2b). The force-generating interaction

with the motor protein myosin for both cases is discussed later in this subsection (Figure 2.3a).
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The polymerisation of G-actin to F-actin is a highly dynamic process (Figure 2.3b). The actin filament
is a polar double-stranded helix. Both ends have different association and dissociation rates resulting
in a net growing (plus) and net shrinking (minus) end of the filaments (Figure 2.3b). Polymerisation
starts by forming an initial nucleus. This seed is elongated on both ends by addition of G-actin.
Nucleation and polymerisation can be induced by high ionic strength (~ 50-100 mM like physiological
conditions in the cell) and by different actin-binding proteins (Dominguez, 2016; Hertzog and Carlier,
2005). Furthermore, different binding proteins can control polymerization by capping the ends (e.g.
CapZ, gelsolin, tropomodulin) and crosslink filaments or initiate new filaments (e.g. alpha-actinin,
Arp2/3, Spire; Dominguez, 2016; Edwards et al., 2014; Fletcher and Mullins, 2010; Niurnberg et al.,
2011).

F-actin has an ATPase activity. ATP-Mg?" binds to the G-actin form of actin and activates it for
polymerisation. Once a new monomer is bound to F-actin, it hydrolyses ATP to ADP-P; and finally
releases P; from the filament. In addition, ADP-actin can bind to the filament at a lower rate. The
ATPase activity of actin gets accelerated in the filamentous form suggesting a structural difference
between the monomeric actin in its G- and F-form (see next paragraph). Due to the higher association
rate at the plus end (10x higher than the minus end), the filament can be described by a gradient from
ATP- over ATP-Pi- to ADP-actin (Figure 2.3b). Thereby, the two ends differ in their primarily bound
nucleotide (ADP-actin at the minus end region, ATP-actin at the plus end region). Due to the binding
of new ATP- and ADP-actin on both ends, the ends show a higher structural flexibility and
heterogeneity (Figure 2.3c; Jégou and Romet-Lemonne, 2016; Murakami et al., 2010; Narita et al.,
2011). The rate constants were firstly estimated by Pollard (Pollard, 1986) after his lab visualized the
different growing speeds using electron microscopy (Woodrum et al., 1975; see also next subsection). In
the final steady state between filaments and monomeric actin, the rate of polymerization and
depolymerization are equal, and thus the filament length does not change. This results in a directional
movement of the filament of cytoskeletal actin, while new ATP is continuously consumed. This process

is called treadmilling (Kirschner, 1980).
Conformational changes of an F-actin subunit and its dimensions

Pointed
end (-)

Barbed
end (+)

Figure 2.4: F-actin subunit and subdomains.

a, General architecture of an F-actin subunit of the double-stranded F-actin filament. An F-actin subunit
consists of four subdomains (SD). The nucleotide (yellow) is bound in the centre of the subunit. The N and C
terminus are located in SD1. SD2, which is composed of the so-called D-loop, is thought to play an essential role
in polymerisation, as it is highly flexible in the G-actin form of actin. b, During filament formation the subunit
undergoes a conformational change. SD1 and SD2 are rotated relative to SD3 and SD4. Thereby, the subunit is
flattened. Subfigure b is adapted from Dominguez and Holmes (2011).

During filament formation G-actin does not only hydrolyse ATP, but also undergoes a conformational
change. In Figure 2.4a an F-actin subunit is shown of the filament. The subunit can be split into four

subdomains (SD). N and C terminus is located in the SD1 and SD2 is composed of the exposed DNase
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binding loop (D-loop). The D-loop is sensitive to the bound nucleotide and is thought to play an
essential role in polymerisation (Dominguez and Holmes, 2011; Durer et al., 2012). The nucleotide
binds to a cleft between SD2 and SD4, which is oriented to the pointed end of the filament. During
polymerisation, SD1 and SD2 rotated relative to SD3 and SD4 (Figure 2.4b). Therefore, the subunit
seems to be flatten (Dominguez and Holmes, 2011). The size of one subunit is
roughly 5.5 x 5.5 x 3.5 nm and the maximal diameter of the filament is ~ 10 nm. As F-actin is a
double-stranded filament, the height of an asymmetric subunit is only half the size of a subunit
parallel to the filament axis. The axial repeat is described by the rise of ~ 2.7-2.8 nm. While 28
subunits create one full repeat of the filament (~ 72 nm), the filament has already a pseudo-repeat
after 14 subunits (~ 36 nm). Despite actin forms this filamentous order, it is not clear, if F-actin shows
a remaining flexibility within the filament (Egelman et al., 1982; Galkin et al., 2010). Moreover, actin
has the task to be flexible especially in the case of cytoskeletal actin, which can form bent filaments
(Blanchoin et al., 2014; Nirnberg et al., 2011). Nevertheless, the helical architecture allows myosin to

repetitively bind to the F-actin filament and using it as a trail.

The myosin family

Myosin belongs to a very large family, whose members couple ATP hydrolysis with a directional
movement (Coluccio, 2007). In general, all myosins show an equivalent architecture and have the same
actin-binding mechanism. The family is divided into different classes (given as Roman numerals,
Figure 2.5a) depending on the localization, functionality, oligomerisation and domain organisation
(Hodge and Cope, 2000; Syamaladevi et al., 2012).
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Figure 2.5: The myosin family and myosin class II.

a, An phylogenetic tree of the myosin family based on the motor region of myosin (see Figure 2.6). Example to
illustrate the complexity and richness of the family. Myosin classes are always given as Roman numerals. Classes
differ in function (e.g. localisation, walking direction) and overall architecture (e.g. number of assembled myosin
heads and light chains). The myosin-II class describes a dimeric myosin class and is known as conventional
myosin. Mainly skeletal and cardiac muscle consists of myosin-II, but also smooth and nonmuscle myosin-II
isoforms exists. The tree was created by Hodge and Cope (2000). b, Close-up phylogenetic tree of myosin-II from
Homo sapiens taken from Heissler and Manstein (2012). Although isoforms are assigned to either skeletal,
cardiac, smooth muscle or nonmuscle myosins, they are present in the other tissues but at a much smaller
fraction.

The most prominent class, abundant in skeletal muscles, is myosin-II (Figure 2.5b) and is called
‘conventional’ myosin, while other myosin classes are called ‘unconventional’ (Hartman et al., 2011).
Myosin-II is mainly present in all muscle forms and in addition nonmuscle tissues. Each gene codes for

a specific myosin. Although they are primarily present in a specific tissue, they can be found in other



Introduction

at much smaller fractions (Heissler and Manstein, 2012). The variety of functions is already illustrated
for nonmuscle myosin-II in Figure 2.2a and skeletal myosin-II in Figure 2.2b (Heissler and Manstein,
2012; Vicente-Manzanares et al., 2009). Although the actin-myosin interaction has this diverse

functionality, the fundamental architecture of myosin and its binding mechanism remain the same.

All myosin share the same architecture and binding mechanism

All myosins are composed of a N-terminal motor domain, which can bind to actin filaments. An upper
50-kDa and a lower 50-kDa domain form the prominent actin-binding cleft. The motor domain is
connected via the converter and neck domain to a lever arm, which finally ends in a C terminal
targeting domain (for example for vesicle binding). Motor and neck domain form the so-called head
region of the myosin. The main difference between myosin classes is their neck domains. Figure 2.6a
illustrates the overall architecture of myosin-II. One essential and one regulatory light chain bind to
myosin-II and two myosins dimerize forming a double-headed myosin dimer (Heissler and Manstein,
2012; Sweeney and Houdusse, 2010a). In addition, their lever arms assemble to a coiled-coil structure.
For example, other myosin classes are only single-headed myosins or have extra light chains (Figure
2.5a; Cope et al., 1996).
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Figure 2.6.: Myosin architecture and cross-bridge cycle.

a, Overall domain organisation of myosin-II. Scheme shows the myosin heavy mero myosin (HHM) consisting of
the motor, the neck region (essential light chain (ELC) and regulatory light chain (RLC)) and part of the lever
arm. The converter is the connector between motor domain and neck region. The motor domain is the N-
terminal part of myosin and has a prominent lower 50-kDa (L50-kDa) and an upper 50-kDa (U50-kDa) domain,
which create the actin binding cleft (indicated with a green dotted line). The lever arm continues into the light
mero myosin (LMM), which for example dimerize in myosin-II. Myosin only binds to F-actin between two F-
actin subunits (region highlighted in orange) and can create a force to the direction of the barbed end of F-actin.
b, Cartoon of the simplified cross-bridge cycle of myosin-F-actin interaction. Myosin is rigidly bound (rigor state)
to F-actin, when no nucleotide is present in the binding pocket. Binding of ATP weakens the binding strength
due to conformational changes in the head region of myosin, which leads to a detaching of myosin from F-actin
(post-rigor state). Afterwards, ATP is hydrolysed to ADP-P; and the lever arm is primed to its pre-powerstroke
state position (recovery stroke). Finally, myosin reattaches to the next position on F-actin, which amplifies ADP-
and Pi-release and the lever arm swings back (powerstroke). F-actin and myosin form again a strong binding
interface.

The motor domain is highly conserved between myosin classes (Cope et al., 1996; Richards and
Cavalier-Smith, 2005). Several surface loops of myosin, which have only regulatory function such as
fine tuning of the actin affinity or the ATP hydrolysis, mainly differ between different classes (Clark et
al., 2005; Gyimesi et al., 2008; Kojima et al., 2001; Yengo and Sweeney, 2004).

The head domain binds between two subunits of F-actin (Figure 2.6a), while closing the actin-binding

cleft. As mentioned before, myosin can create a directed force and thus transport for example a cargo.

10



Introduction

While only myosin-VI travels towards the pointed end of actin filaments, most myosins transport or
‘walk’ to the barbed end (Sweeney and Houdusse, 2010b). Cargo transporting myosins are double-
headed myosins and walk in a hand-over-hand manner on the actin filaments (Yildiz et al., 2003). The
most studied case is the interaction within a muscle fibre. In a sarcomere, the smallest contractile unit
in muscle fibre, several myosin dimers form a bipolar myosin filament (thick filament, see Figure 2.2b).
Both ends of the myosin filaments pull to the minus end of actin resulting in a reduced size of the
sarcomere (defined by the distance of the Z-discs, see Figure 2.2b), which results in a shortening of the
full muscle fibre and finally the contraction of the whole muscle (Squire, 1997). For both cases the
fundamental mechanism of actin-myosin interaction is the same and is described with the ‘cross-bridge

cycle’ (Figure 2.6b, see next paragraph).

Cross-bridge cycle

Myosins have different states depending on the currently bound nucleotide, major conformational
changes of the lever arm region, the actin binding cleft and rearrangement of inner myosin motifs. A
simplified overview of the highly dynamic cross-bridge cycle is given in Figure 2.6b. Particularly,
Lymn and Taylor firstly described the ATP hydrolysis cycle during interaction with actin. Therefore,
the cycle is also referred to as the Lymn-Taylor model (Lymn and Taylor, 1970; 1971). The structural
mechanism of muscle contraction is named as the ‘swinging lever arm hypothesis’ and was introduced
by Huxley and Hanson (Holmes, 1997; Huxley and Hanson, 1954; Huxley, 1969). Furthermore, myosin
has a basal ATP activity and can undergo the conformational changes without binding to actin.
Nevertheless, myosin shows an actin-activated ATPase activity, but it is still not known how actin
structurally activates myosin in detail (Furch et al., 1998; Kojima et al., 2001; Onishi et al., 2006;
Varkuti et al., 2015).

If no nucleotide is bound to the head region of myosin, myosin binds to actin in the so-called rigor
state with a high affinity. The actin-binding cleft is closed and the lever arm is in a ‘relaxed’ position.
When no ATP is available and the binding site on actin is not hindered by other molecular
mechanisms (see next paragraph), a muscle keeps stiff (e.g. in the case of rigor mortis). As soon ATP
binds to myosin, myosin opens the actin-binding cleft and detaches from actin (post-rigor state).
While being detached from the actin filament ATP is hydrolysed to ADP-P;. The gained energy
primes the lever arm (recovery stroke) and the myosin is in its pre-powerstroke state. Afterwards, pre-
powerstroke state myosin rebinds on a new position on actin, closes the actin-binding cleft and releases
Pi and ADP. Finally, the lever arm performs the powerstroke, which transformed the released energy
to a relative movement between actin and myosin. The cycle can start again.

The cycle as given above deals as an overview, while several reviews describe the mechanism in detail
(Geeves and Holmes, 1999; Geeves, 2016; Sweeney and Houdusse, 2010a). Each step can be understood
as an equilibrium between two states with a respective constant (Figure 2.7). Different myosins classes
differ in these constants (Greenberg et al., 2016). For example, a double-headed myosin proceeding
isolated on cytoskeletal actin stays as long as possible in an ADP-state strongly bound to F-actin. In
this state, no new ATP can bind, which would induce a detachment from actin. Thus, the probability
that both heads are detached at the same time would be significantly reduced. In this case, often a
load-dependent ADP released is proposed, which is controlled by the rebinding of the leading myosin
(leading head) and its applied force to the trailing myosin (trailing head) (Sweeney and Houdusse,
2004; Walklate et al., 2016). Besides the global conformational changes of the actin-binding cleft or the

lever arm region, specific other motifs experience conformational changes during the cycle (for example

11



Introduction

switch-I, switch-II, P-loop, not discussed) and have to be taken into account to differentiate between
the given steps. These motifs can be found in other motor proteins or Ras GTPases and show
similarities in structural arrangement and function (Miller and Goody, 2016; Sablin, 2001; Smith and
Rayment, 1996). These inner changes are often labelled with addition symbols (Figure 2.7; Geeves,
2016). Finally, the whole cycle can be divided into strong and weak actin binding. Myosin states at the
transition between strong and weak binding to actin have a low affinity and a short lifetime. The post-
rigor and pre-powerstroke states are not stable and myosin directly detaches or performs next steps of
the cycle, respectively. These intermediate states are difficult to stabilize bound to actin and only

structural analyses are performed on isolated myosin (Preller and Manstein, 2013).
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Figure 2.7: The Cross-bridge cycle in detail.

Cartoon of the cross-bridge cycle of myosin-F-actin interaction in greater detail. Each position in the cycle
describes changes in either the current F-actin-myosin binding strength, the bound nucleotide or conformational
changes within myosin (A=Actin; M=Myosin; *, ** # indicate different conformational changes in the head
region, not discussed but reviewed in (Sweeney and Houdusse, 2010a; Geeves, 2016). Each step has an
equilibrium constant, which differs between each step and myosin classes (indicated by two arrows). The cycle
can be divided in strongly and weakly bound myosin to F-actin.

Although the full mechanism has been investigated since more than a half-century and the
mechanochemical reaction cycle has been studied for several myosin classes in great detail, structural
information of the actin-myosin complex (actomyosin) in different states is still missing (see also next
subsection). In addition, the exact release point of P; or ADP in relation to the power stroke is still
under discussion (Binder et al., 2015; Llinas et al., 2015; Muretta et al., 2015). Furthermore, several
other proteins are regulating actin and myosin. Thus analysis of isolated actin and myosin is a
simplified complex and their mechanism has to be interpreted with respect to these regulatory

proteins.
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Regulation of myosin binding to actin

The most prominent proteins regulating the actin-myosin interaction are tropomyosin and troponin,
which are involved in the myosin-actin interaction in striated muscle. Tropomyosin is also found in the
actin filaments of smooth muscles and non-muscle cells. In this case, tropomyosin has still a regulatory
function on polymerisation and stability of F-actin and myosin binding (Gunning et al., 2008; 2015b;
Manstein and Mulvihill, 2016). Tropomyosin has a variety of isoforms in each tissue but always forms
its prominent coiled-coil structure (Geeves et al., 2014; Phillips, 1986; Whitby and Phillips, 2000).
Tropomyosin consist of two alpha-helical chains and polymerizes directly on F-actin to a long tube-like
structure that wraps around the filament (Brown and Cohen, 2005; Coulton et al., 2006; Schmidt et
al., 2015). Every tropomyosin molecule has several pseudo-repeats and binds over up to seven F-actin
subunits (tropomyosin length depends on the isoform; Geeves et al., 2014). As F-actin is a double-
stranded helix, two tropomyosin tubes bind to each side of the filament. In cardiac and skeletal
muscle, tropomyosin interaction is further regulated by troponin, which can move tropomyosin on F-
actin into different positions. Calcium binding induces this conformational change in troponin, which
modifies the tropomyosin position (Orzechowski et al., 2014a; Resetar et al., 2002; Sun et al., 2009;
Tobacman and Adelstein, 1986). If no calcium is bound to troponin, tropomyosin is held in a blocked
state (B-state) and occupies the myosin-binding site on F-actin. Even when myosin is in a primed

state (pre-powerstroke state, see paragraph before), it cannot bind to the actin filament (Figure 2.8a).
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Figure 2.8: Tropomyosin hinders
and allows myosin binding to F-
actin.

a, Tropomyosin (yellow tube, B-
state) is wrapped around F-actin
(green) and occupies the myosin
binding site (orange). Troponin (not
shown) can induce the release of the
myosin-binding site through moving
of tropomyosin to a closed state and
thereby allows myosin to bind to F-
Myosin state actin (C-state, not shown). b, When
(M-state) myosin finally is bound, tropomyosin
is moved to a third position on F-
actin (Myosin state; blue tube).
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As soon calcium binds to troponin, tropomyosin is released to the closed state (C-state). As soon
myosin binds to F-actin, tropomyosin is further moved to its myosin state (M-state) position (Figure
2.8b). The polymerization and moving of tropomyosin is highly cooperative and transmitted though
the whole filament. This cooperative mechanism is described is known as ‘Gestalt-binding’ (Holmes
and Lehman, 2008; Lehman et al., 2013b). Although the mechanism is basically understood a high-
resolution structure is still missing. Thus, the interplay of tropomyosin with F-actin, myosin and
troponin could be structurally elucidated. Furthermore, the structural basis for the cooperativity is not
known. It is unknown which kind of movement is performed by tropomyosin (rolling and/or shifting)
(Rynkiewicz et al., 2015). In particular, the structural details of the connection of two adjacent
tropomyosins molecules (N and C terminus overlap) is still being discussed regarding its specific
structure and its function for Gestalt-binding (Lehman et al., 2013a; Li et al., 2014; Mamidi et al.,
2013).
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2.2.2 Structure determination in this context

A historical overview

Structural analysis of actin and myosin basically started in the nineteen forties, when for the first time
the interplay between actin and myosin was identified as being responsible for the ATP-dependent
muscle contraction (Banga and Szent-Gyorgyi, 1940; Banga et al., 1947; Szent-Gyorgyi, 1948). Later in
the 1950s Huxley and colleagues revealed the organisation and fundamental sliding mechanism in
striated muscles using electron microscopy on muscle biopsies (Huxley and Hanson, 1954; Huxley,
1953). It took another decade until actin-myosin interaction was discovered in nonmuscle cells by
detecting it in slime moulds (Adelman et al., 1968; Hatano and Oosawa, 1966). By these results the
high abundance and conservation of actin in eukaryotic cells were proposed and that actin is not
unique to muscle cells.

During that time experiments showed that with myosin heads decorated actin filaments have an
arrow-like shape (Figure 2.9a) and by this the polarity of the filament could be directly visualized with
electron microscopy (Huxley, 1963; Ishikawa et al., 1969). Furthermore, the different polymerization
behaviours of both ends of the filaments were discovered and quantified by adding new monomeric
actin to decorated filaments and the naming of pointed and barbed end were introduced (Hayashi and
Ip, 1976; Woodrum et al., 1975). DeRosier and Klug could obtain the first reconstruction of a helical
object using transmissions electron microscopy (De Rosier and Klug, 1968). This method made it
possible to reveal for the first time a model of F-actin decorated with the head domain of myosin in
the absence of ATP (Moore et al., 1970).

Several other low-resolution structural work and kinetic studies were performed on isolated actin and
myosin or on actin and myosin as a complex (actomyosin) within the next years. The first low-
resolution reconstruction of F-actin obtained by transmission electron microscopy were presented
during this time giving first hints on how the filament is organized (Egelman, 1985). However, it took
until 1990 when for the first time a high-resolution X-ray crystal structure of monomeric G-actin was
obtained (Figure 2.9b; Kabsch et al., 1990). In the same issue of Nature the same group used this G-
actin model to fit it into a structure determined by fibre diffraction of F-actin (Figure 2.9¢c; Holmes et
al., 1990). They analysed the diffraction pattern of gels of oriented F-actin filaments, which were
obtained by ultracentrifugation. For the first time they could propose an atomic model of F-actin,
which showed how the two strands and each subunit are oriented relative to each other. In addition,
they identified the relevant inter- and intrastrand contacts. Although their data showed information in
the range up to 8 A they claimed that there are only minimal changes between G-actin and an F-actin
subunit and were not able to detect conformational changes (see Figure 2.4, paragraph
‘Conformational changes of an F-actin subunit and its dimensions’ in subsection 2.2.1 and next
paragraph in this subsection). In addition, these fibre diffraction studies made it possible to define the
helical rise to 27.5 A. Although this parameter was assumed to be a constant, studies showed that F-
actin has a flexibility in twist (numbers of units per turn) and the given angle should be assumed to
be a median value (Egelman and DeRosier, 1991; Egelman et al., 1982; 1983). These general flexibility
of actin is still being discussed and analysed with new methods at higher-resolution ranges (Galkin et
al., 2012; Oda and Maéda, 2010).
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Figure 2.9: First structures of actin.

a, In 1963 Huxley analysed actin filaments decorated with myosin heads with transmission electron microscopy.
The arrow-shaped structure was already visible. Reprinted from Huxley (1963) with permission from Elsevier.
b, It took until 1990 when Kabsch and colleagues solved the crystal structure of G-actin in complex with DNase.
Shown is only G-actin. Reprinted by permission from Macmillan Publishers LTD: Kabsch et al. (1990). ¢, In a
back-to-back publication the F-actin filament structure could be observed on a higher resolution. But the
resolution was not sufficient to observe the conformational change of an F-actin subunit with respect to
its G-actin form. Reprinted by permission from Macmillan Publishers LTD: Holmes et al. (1990).

Only three years later after revealing the first structure of G-actin and the model of F-actin, the
myosin head region was solved by X-ray crystallography (Rayment et al., 1993b). Myosin was in a
post-rigor state with an open actin-binding cleft. Rayment et al. suggested for the first time that this
unknown cleft could close when myosin binds to actin and releases its hydrolysis products (see
paragraph ‘Cross-bridge cycle’ in subsection 2.2.1). In the same year new medium-resolution structures
of the actomyosin complex were published using transmission electron cryomicroscopy (cryo-EM) on
myosin-decorated actin filaments (Rayment et al., 1993a; Schroder et al., 1993). Using the newly
determined structures Rayment et al. (1993a) could propose a first model of myosin binding to actin
at molecular level. They described the region of prominent motifs and loops of myosin, which bind to
F-actin but they could not describe the interface in great detail. A short time before, there had already
been equivalently resolved reconstructions of actomyosin, but the authors lacked the information of
the crystal structures to interpret their results at the same level (Milligan and Flicker, 1987; Milligan
et al., 1990). Besides the myosin rigor state on F-actin, an ADP-bound state to F-actin was obtained
showing a slightly different conformation of the lever arm (Jontes et al., 1995; Milligan, 1996;

Whittaker et al., 1995). In addition, researchers tried to verify and visualize the proposed cleft closure
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and different states of myosin with cryo-EM (Volkmann et al., 2000; 2005). However, the interface of
actin and myosin could only be modelled, as these cryo-EM reconstructions were in the range of 15 -
30 A and no secondary structure elements were visible. Only crystal structures of isolated myosin
motor domains could reveal conformational changes of myosin within the reaction cycle with and
without bound nucleotides or analogues (Coureux et al., 2004; 2003; Dominguez et al., 1998; Fisher et
al., 1995; Gulick et al., 1997; Houdusse et al., 2000; Kollmar et al., 2002). These structures showed for
example cleft closure and rearrangements in the nucleotide binding pocket as well as priming of the
converter and lever arm. In addition, several G-actin crystal structures were obtained within the next
years (Graceffa and Dominguez, 2003; McLaughlin et al., 1993; Morton et al., 2000; Otterbein et al.,
2001; Schutt et al., 1993). The D-loop showed the highest variability, being absent in many structures
or forming different secondary structural elements. Interestingly, it was assumed that the D-loop could
be sensitive to the nucleotide state of actin and therefore play an essential role in filament formation
(Orlova and Egelman, 1995; Oztug Durer et al., 2010). But a model of F-actin was needed to address

these questions.

Obtaining atomic models of F-actin and actomyosin

As obtaining a high-resolution structure with X-ray crystallography of F-actin was not possible, fibre
diffraction was still the method of choice to improve the resolution and quality of the model (Lorenz et
al., 1993; Tirion et al., 1995). It took until 2009 when Oda and colleagues could solve F-actin to a
reasonable resolution to interpret F-actin on atomic level (Oda et al., 2009). They optimized the gels
of F-actin for fibre diffraction by applying a magnetic field to improve the alignment and order of the
F-actin filaments, which are diamagnetic. The conformational changes of G- to F-actin (for example
the flattening) were firstly described in this contribution and the intra- and interstrand contacts were
given on a more detailed level as before. The resolution was improved from 7 — 10 A (Holmes et al.,
1990) up to 3.3 - 5.6 A (radial and equatorial resolution differs significantly in fibre diffraction).

Cryo-EM was more and more applied on different types of larger proteins, protein complexes and
filamentous samples (see section 2.3). This method made it possible to achieve a reasonable resolution
(~6-7 A) and to fit crystal structures into the density reliably. Fujii and colleagues presented the first
cryo-EM-derived model of F-actin at ~ 7 A shorty after the previous model of Oda et al. (Fujii et al.,
2010). They defined the variable twist of F-actin to 166.6 ° + 0.6 °. The F-actin fibres diffracted up to
3.3 A and 5.6 A in radial and equatorial direction, respectively. Although the stated resolutions were
different, the overall structure was the same between the fibre diffraction structure and the cryo-EM
model. In addition, Fujii et al. used crystal structures of G-actin to restrain their model, which led to
a more reliable model (Dominguez and Holmes, 2011). Especially the D-loop region differed, which was
directly visible in the Fujii et al. density map. However, both models could only propose the interface

of the F-actin subunits on the level of residues.
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Figure 2.10: Atomic models of F-actin.

Data derived by fibre diffraction (a) and cryo-EM (b) made it possible to obtain an atomic model of F-actin and
describe the interface and the conformational changes of the subunits. Given are examples of the experimental
data (diffraction pattern in a and transmission image b), for the obtained model of the filaments (model surface
in a and fitted model into the density map in b) and for the final interpretation of interfaces of the subunits
(intra- and interstrand contacts in a and interstrand contacts in b). Reprinted by permission from Macmillan
Publishers LTD: a, Oda et al. (2009) and b, Fujii et al. (2010).

The next big goal was to optimize the sample preparation and reconstitution to obtain a whole
actomyosin structure by cryo-EM. Then in 2012, Behrmann et al. solved the structure of actomyosin
complex by cryo-EM (Behrmann et al., 2012a). The medium resolution was sufficient to accurately fit
crystal structures of actin, myosin and tropomyosin in the electron density map (Figure 2.11a). The
interface could be described for the first time, while other publications at the same time could only
report the models of these interfaces (Lorenz and Holmes, 2010; Volkmann et al., 2005). Behrmann et
al. used an optimized sample reconstitution of actomyosin by the well-established proteins of skeletal
al-actin from Oryctolagus cuniculus and myosin-IE from Dictyostelium discoideum. In addition, the
filament was decorated with tropomyosin (al-tropomyosin from Mus Musculus) and thereby the M-
state position of the coiled-coil tropomyosin tube was directly revealed. Crystal structures of
tropomyosin could be fitted it in the density map. Several studies had already analysed tropomyosin
on F-actin with low-resolution methods like negative staining EM (see next paragraph). The transition
between a modelled C-state (Li et al., 2011) and the obtained M-state were described as a shift and a

rotation on the F-actin filament (Figure 2.11b, ¢).
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F-actin  tropomyosin

Figure 2.11: Atomic model of actomyosin.

a, Atomic model of rigor state actomyosin (green, red) with tropomyosin (blue) in its density map (grey), which
was revealed with cryo-EM at a resolution of 8 A. b, Tropomyosin position differs between a proposed closed
state (dark green; Li et al., 2011) and the myosin state (dark red). ¢, The transition between both states is
described by a shift of 23 A and a rotation of 31° on the F-actin filament. Reprinted from Behrmann et al.
(2012a) with permission from Elsevier.

Structural analysis of tropomyosin

As described before the actomyosin complex of Behrmann et al. (2012a) was also decorated with
tropomyosin (Figure 2.11). The structure of tropomyosin alone was solved by X-ray crystallography
quite early (Phillips, 1986). Subsequent structures gain insights into higher resolution features
(Whitby and Phillips, 2000). Nevertheless, the long coiled-coil structure has a higher flexibility and
therefore it is not totally known how much the crystal packing can modify the actual structure. The
models show only parts of the tropomyosin molecule (Brown et al., 2001; Li et al., 2002; Rao et al.,
2012). Besides that, several models were proposed by using molecular dynamics simulations of
tropomyosin in the region of the N and C terminus junction and landscaped its binding to F-actin
(Lehman et al., 2013a; Li et al., 2011; Orzechowski et al., 2014b). The tropomyosin models, in
particular the tropomyosin position on F-actin, were often obtained by using low-resolution electron
microscopy work of F-actin decorated with tropomyosin. Some studies used troponin or other binding-
proteins to alter the position of tropomyosin (see paragraph ‘Regulation of myosin binding to actin’ in
subsection 2.2.1; Li et al., 2011; Mun et al., 2014; Orzechowski et al., 2014b; Yang et al., 2014).
Recently, a cryo-EM structure of F-actin decorated with tropomyosin described an unknown position
between C- and M-state in the absence of troponin and myosin at a reported resolution of ~ 8 A
(Sousa et al., 2013). The question came up how tropomyosin lays on F-actin under physiological
conditions and if tropomyosin is only shifting or rolling or if it performs a combination (Rynkiewicz et
al., 2015). It is an open question how the position is altered by myosin or troponin. Therefore, high-
resolution structures of the different states are needed, which could reveal the mechanism on atomic

level.
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2.3 Electron microscopy

Electron microscopy is a widely used term for different types of microscopy and it has to be
distinguished between ‘scanning electron microscopy’ (SEM) and ‘transmissions electron microscopy’
(TEM). As the name suggests in first case, only the surface is scanned, while in the latter one the
transmitted electrons are detected which carry information of the entire specimen at higher resolution.
In addition, there are applications, which combine both methods in ‘scanning transmission electron
microscopy’ (STEM). The development of electron microscopes goes back to the beginning of the
twentieth century, when the first prototype of an EM was invented by Ernst Ruska and Max Knoll in
1931 (Knoll and Ruska, 1932b; 1932a). It was originally termed as ‘Elektronen-Ubermikroskopie’,
because it was superior (‘Uber’) in resolution to conventional light microscopy. Finally, Ruska was
awarded the Nobel Prize in Physics for the invention of the EM and his achievements in electron
optics in 1986 (Robinson, 1986; Ruska, 1987a; 1987b). It was and is primary applied in material
science and physics but has its application in structural biology since the nineteen-forties, when Porter
and colleagues started to visualize the first biological samples (Geuze, 1999; Harris, 2000; Porter et al.,
1945).

Nowadays, TEM is capable to obtain high-resolution three-dimensional (3D) structures of biological
samples and has the advantage that the sample is visualized in its physiological environment instead
being part of artificial packing as in crystallography. However, X-ray crystallography is the frontier
when obtaining molecular models of small proteins at atomic resolution as described in section 2.1.
This section deals as an overview of the general setup of a TEM, how the information of the image is
derived and how the 3D-structure is reconstructed (subsection 2.3.1 and 2.3.2). Furthermore, it
describes how recent developments — especially in the detector system — made it possible to obtain

structures at atomic resolution using cryo-EM (subsection 2.3.3).
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2.3.1 Transmission electron microscopy on biological samples
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Figure 2.12: Setup of a transmission electron microscope.

object and projection system (top to bottom). The sample is inserted between condenser and object system.
Microscopes of the new generation have an additional third condenser lens for optimal parallel illumination of the
sample (see subsection 2.3.3). The transmission image is finally visualized on a fluorescence screen and recorded
on film or on a camera. The images are extracted from the user manual of the JEOL JEM1400 and JEM-
3200FSC.

The basic setup of a transmission electron microscope (TEM) is given in Figure 2.12. In principle, the
setup is equivalent to a light microscope, while in TEM accelerated electrons are used instead of light.
The electron has a charge and a velocity. Thereby, the electron beam can be manipulated either with
electrostatic fields (Coulomb force) or magnetic fields (Lorentz force) instead of conventional lenses
present in light microscopy (e.g. polished glass lens). However, the lenses do not change the absolute
electron energy, as the applied force is always perpendicular to the beam direction.

In electron microscopy different ‘electron guns’ (‘filaments’) can be used as an emission source.
Examples are tungsten filaments, lanthanum hexaboride (LaBs) filaments or field emission guns
(FEG). They primary differ in their mechanism of electron release and thereby their quality and
brightness. The quality can be defined as the coherence of the emitted electrons (AE = 1.5-3 eV for
LaBs down to AE = ~ 0.2 eV for a high-brightness XFEG) and the brightness as the quantity of
emitted electrons. A high voltage is applied for acceleration of the electrons. In high-resolution TEM
for structural biology, the electrons are accelerated with a high voltage of 200 kV or 300 kV. The lens
system can be divided into different sections (for example from top to bottom into the gun, the
condenser, the objective, the intermediate and the projection lens system) (Reimer and Kohl, 2008;
Reimer, 2013). In addition, apertures are present in the condenser and object system. The lenses are

coils and the current and thereby the intensity of the magnetic field is tuneable. Furthermore,
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different types of coils apply different modification to the electron beam. For examples gun and
condenser system have coils for only moving of the electron beam (shifting and tilting). In addition,
there are coils for correction of astigmatism (stigmators). The electron beam runs through the central
axis of the microscope, which works under high vacuum conditions to prevent any scattering of the
beam before and after interacting with the sample. The objective lens defines the central axis by
definition and the other lenses have to be aligned relative to it (see section 3.3 in Material and
Methods chapter). The actual overall magnification is finally applied in the intermediate and
projection lens systems before the projection is detected on a fluorescence screen, on film or on a

camera.

Image formation and contrast transfer function

The recorded image is a transmission image (projection) of a three-dimensional object. In comparison
to crystallography, where a diffraction pattern (Fourier-space image) is recorded, the projection in EM
is a real-space image and carries full amplitude and phase information. Thereby, the image can be
taken directly as it is to reconstruct the structure. In crystallography, the unknown phases of the
diffraction pattern have to be determined prior to structure determination (Rhodes, 2010).

The grey scale of the image can be understood classically as the intensity of the transmitted electrons
through the sample at the respective position. But it has to be considered that when the electron beam
hits the sample, the interaction can be either elastic or inelastic. The elastic scattered electrons carry
the evaluable information, the inelastic interaction deposits energy and rather contributes to noise.
With higher electron energy, the ratio between the probability of inelastic and elastic scattered
electrons changes. At 300 kV the probability (to be more precise the cross section) of the event of an
elastic scattered event is 10® higher than for X-rays. However, the ratio of inelastic to elastic scattering
events is in the range of three, which means that with one elastic scattering event three inelastic
scattered events come along (numbers are given for carbon; Henderson, 1995). In addition, the ratio of
the cross section is worse for light atoms, which are important for biological samples consisting mainly
of carbon, oxygen and nitrogen (cross section of inelastic and elastic scattering is proportional to Z*/?
and Z'?, respectively (Robenek et al., 1995)). These light atoms suffer mostly from radiation damage
and the overall electron dose has to be kept at a minimum. Furthermore, the bending angle is very
small and the scattered electrons cannot easily be filtered with an aperture. Therefore, the contrast of
an image is not sufficient when only the amplitude contrast derived from filtering scattered electrons is
used. The contrast is too weak and a phase contrast is needed in addition.

To describe the phase contrast, the electron has to be considered as a wave transmitting an object,
which applies a phase shift to the scattered electrons. Again, only the elastic scattered electrons carry
the evaluable information. On the level of the image, the elastic scattered electrons interfere with the
not scattered electron beam creating the phase contrast. The phase shift induces amplification,
reduction or a shift of the wave, which are dependent on the frequency. A biological sample is a weak
phase object with a phase shift of 90° (n/2) and this results in a minimal change of the amplitude of
the superimposed wave. Therefore, in TEM a defocus in the range of micrometres is being usually
applied during acquisition, in order to create an additional phase shift (optimal another 90°) by
applying a defocus in the range of micrometres during acquisition. The additional phase shift y(q,Az)

introduces a resulting phase contrast which is described by the ‘contrast transfer function’ (CTF):

1
CTF = —2siny(q,4z) = -2 sinn(4zAq? — ECSPq‘*)
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The CTF depends on the spatial frequency ¢ and the defocus Az The microscope specific spherical
aberration C; and the wavelength A, which only depends on the respective acceleration voltage, are
constants. Thus, the contrast of an image at a defined defocus is only frequency-dependent. The image
has a frequency-dependent positive or a negative phase contrast and can range from full contrast, over
reduced contrast to the total extinction of the contrast at a single frequency. The described pattern is
illustrated in Figure 2.13 and is observable in the Fourier-transformation (‘power-spectrum’, Figure
2.13c) of a real-space image (Figure 2.13b). In TEM the image is recorded with a negative defocus (Az
< 0). Thereby, the first peak of the CTF is negative and the overall image seems to be black-white
inverted. A correction for the CTF has to be applied to compensation for the inverted contrast (‘phase
flipping’) and the reduced amplitude of the contrast (‘amplitude correction’) of the respective
frequencies (Penczek, 2010a). Furthermore, a series of different defocus values has to be recorded to
reconstruct the structure with the full information over all frequencies as some frequencies are

completely suppressed in a single image (zero-crossings in Figure 2.13¢, ‘Thon rings’; Thon, 1971).

c Power-spectrum

Original image b CTF affected image

Figure 2.13: The contrast transfer function (CTF).

a, Example for an unmodified image (photo; Bigge, 2002). b, In TEM the recorded image is affected by the CTF.
However, the image is a real-space image (photo CTF-modified). ¢, The modulation of the frequency spectrum
by the CTF can be identified by a Fourier-transformation (FT) of the image to its power-spectrum. The CTF is
rotational symmetric. A rotational average of the two-dimensional power-spectrum is a sinusoidal oscillation and
can be used to estimate the CTF from the experimental data. No information is present at the respective
frequency of a zero-crossing (‘Thon ring’; Thon, 1971). Therefore, a series of different defocus values has to be
recorded to compensate for the missing information. The image in ¢ is an example of a typical power-spectrum
from a real TEM image and is not derived from the CTF-modified photo of b.

Since the lens systems of a microscope are not working perfectly (aberrations; fluctuation of the lens
current) and the electrons have a limited coherence (quality of the electron gun; microscope alignment
and nonparallel illumination), the frequencies are damped at higher frequencies. This characteristic is
added to the CTF by a Gaussian envelope function. The function decreases faster for higher defocus
values. In conclusion, an image at stronger defocus has a higher contrast but suffers from decreased
high-resolution information. Thereby, the maximal achievable resolution depends on the imaging
conditions and the applied defocus. Furthermore, a significant level of noise is present, which arises at
the sample (inelastic scattered electrons) and at the detector (false pixel signals; back-scattered
electrons; see also subsection 2.3.3). In addition, the detector system itself has a frequency-dependent
sensibility, which later can be corrected (‘modulation transfer function (MTF)’ correction) by
increasing the respective frequencies. A more comprehensive description of the image formation and
the CTF is given in several specialised literatures (Frank, 1973; 1996; Penczek, 2010b; 2010a; Reimer
and Kohl, 2008).
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Sample preparation of a protein sample

In comparison to crystallography, the prepared sample is in its physiological environment (dissolved in
a buffer solution) and does not have to be arranged in a higher order like a crystal lattice.
Furthermore, it is possible to directly visualize conformational changes induced by for example
different buffer conditions (pH, ionic strength, nucleotide) for which diffracting crystals cannot be
obtained. In particular, larger and more flexible proteins (or protein complexes and filaments) are
difficult to crystallize or it is technically not possible to obtain a crystal of them. The EM experiment
can be understood as a measurement of a single object (particle). Only in the further computational
analysis, the information of thousands of particles is merged and averaged to recover the fully
structural information. However, the sample has to be either dried or frozen, as the specimen is
transferred into the microscope under vacuum. Otherwise it would directly vaporise the liquid.

As described before in this subsection, the light atoms of a biological sample hamper the observed
contrast. Therefore, it is possible to embed the protein in heavy metal-containing solution before the
actual drying process (see subsection 3.2.1 in Material and Methods chapter). Heavy atoms induce a
much higher amplitude contrast because of the higher probability for elastic scattering (Henderson,
1995). Therefore, in this case the protein itself is not directly visualized and it is an indirect
measurement of its shape, instead. The result is a negative image of the structure (‘negative staining’),
in which the protein appears white, while the heavy metal shell is dark (Booth et al., 2011; Ohi et al.,
2004). Moreover, the staining solution can prevent distortions of the object and falling apart during
drying. This preparation method can only obtain a low-resolution reconstruction, because the grain
size and the flattening, especially for larger or hollow structures, limit the contrast. Furthermore, the
heavy metal solution cannot permeate the sample and the recorded projection represents only the
overall shape of the surface.

As the preparation with negative staining does not allow a high-resolution projection of the biological
sample, a more technically demanding method is required (see also subsection 3.2.2 in Material and
Methods chapter). For the first time Dubochet and colleagues used rapid freezing to vitrify the sample
and to fix the sample in low-density amorphous ice some decades ago (Dubochet and McDowall, 1981;
Dubochet et al., 1988; Nogales and Scheres, 2015). The freezing process requires a very cold medium
(e.g. liquid ethane) and takes less than a millisecond for a thin ice layer of ~100 nm. The freezing
temperature has to be in the range of at least — 160 ° C to — 170 ° C. A slower freezing results in crystal
formation, which makes a further analysis impossible or can even destroy the sample. If after
vitrification the temperature raises up to —140° C (devitrification point) the ice would start to
crystalize, too. It has to be considered that the pure amplitude contrast is very low in comparison to
the negative staining approach. Therefore, the phase contrast is essential for creating a sufficient
contrast. The main advantage is that with this approach the high-resolution information and the
three-dimensional structure are preserved. Nevertheless, the overall low contrast (especially for smaller

proteins) and dose-sensitivity of the biological object limit the achievable resolution.

Theoretical resolution limit

The applied voltages of 200 - 300 kV generate electrons of a wavelength of 0.02 A to 0.03 A. The
theoretically achievable resolution would be at least in the same region (‘Abbe law’; Reimer and Kohl,
2008). However, the resolution is limited by insufficient magnet lenses and image aberrations of the
microscope as described before. Beside that, sample movement during exposure, beam induced damage

of the sample, incoherent electron beam and the pixel size (‘apix’, Angstroms per pixel) hamper the
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finally achievable resolution. The pixel size at the respective magnification defines the maximal
achievable resolution by the sampling theorem and is given by the ‘Nyquist frequency’ (fuyquse® = 2 X
apix). Studies state the theoretically achievable resolution in the range of 1 -2 A by taking into
account the movement of water molecules, the applied dose and the possible accuracy of the image
alignment (Grant and Grigorieff, 2015; Henderson, 1995; McMullan et al., 2015).

2.3.2 Single particle and helical reconstruction

As described above, the actual experimental data are 2D-projections of a 3D-object (single particle or
filament, Figure 2.14). The aim is to recover the 3D-information by reconstructing a density map from
the projection images. For that purpose, the unknown projection parameters (shifts and angles) per
particle have to be estimated. When the parameters are determined, the 3D-structure can be
reconstructed from the 2D-projection images (see below in this subsection). For that purpose, up to
hundreds of thousands of single particles of different views are needed and averaged to compensate the
low signal to noise ratio. The actual reconstruction method is equivalent to the approach used in
tomography and is described at the end of this subsection.

Figure 2.14 illustrates an example of a protein sample (single particles) in a thin layer of vitrified ice.
Each particle is oriented randomly. Thereby, each recorded single projection of one particle describes
the same 3D-object from a different view. All views have to be combined to reconstruct the original

structure.
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Figure 2.14: Projection image of vitrified samples.

A 3D-object (left: single particle; right: filamentous sample) is embedded and fixed in vitrified ice. The structure
is projected to 2D, but the respective projection angles are unknown and have to be estimated to perform a
3D-reconstruction. Left subfigure modified from Frank (2002) and adapted in right subfigure for a filamentous
samples.

The methods derived for ‘Single Particle Reconstruction’ (SPR) can be adapted to determine and
refine the projection parameters of a filamentous object (Egelman, 2000; 2010; 2015). For that
purpose, the filament is split into single segments, which afterwards can be treated as single particles.
Former approaches used a Fourier-Bessel formalism and diffraction pattern from the 2D-projection of
a complete filament to reconstruct the 3D-density map (De Rosier and Klug, 1968; Klug and De
Rosier, 1966; Klug et al., 1958). These approaches were limited by the requirement of a high-contrast
image (for example negatively stained samples) and optimal samples conditions (straight, long, rigid
filaments). In order to obtain a high-resolution reconstruction from more flexible filaments, these
approaches are not suitable. A more appropriate SPR-adapting approach is called ‘Iterative Helical
Real Space Refinement (IHRSR)’ (Behrmann et al., 2012b; Egelman, 2007).
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Besides this single particle approach, the helical symmetry is used for the refinement. The helical
symmetry is defined by the axial rise Az and the azimuthal rotation angle A¢ between to adjacent
asymmetric subunits (Figure 2.15a). As mentioned above, the filament is split into segments for
further processing. As the projection angles are unknown, the shifts and angles have to be determined
to describe the respective projection view of each segment. On the one hand the centering parameters
(x- and y-shifts) and on the other hand the three Euler angles (0, ¢, ¥) have to be iteratively refined
(see also section 3.4 in Material and Methods chapter). The out-of-plane angle 6, the projection angle
¢ and the in-plane-rotation angle ¥ define the orientation of the projected segment (Figure 2.15b). In
the case of filaments some restrictions can be assumed in comparison to SPR, where no a priori
information of the angles and shifts are available since each particle is randomly oriented. For
example, the filament lies roughly perpendicular to the incident electron beam (limited out-of-plane
angle) and the segments of the same filament cannot point in different direction and share thereby a
similar in-plane-rotation angle. In principle, the information of the symmetry of the filament should be
usable to constrain all projection parameters (shifts and angles) of the segments within the same
filament. So far, these constraints based on the helical symmetry are not implemented in the respective

programs.
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Figure 2.15: Projection parameters and helical symmetry.

a, The symmetry of the particle can be applied during processing. In the case of a filament the symmetry is
defined by the rise Az and the azimuthal rotation angle A¢ between two adjacent asymmetric subunits
(highlighted in tones of green). b, In TEM the 3D-object (cylinder as a simplified filament) is embedded in a thin
layer of vitrified ice (blue box). The structure is projected to 2D. The filament is extracted and split into single
particles (segments) for further processing. The projection parameters (angles and shifts) are unknown and have
to be estimated to perform the reconstruction. The filament can be tilted by an out-of-plane angle 6 in the y-z
plane. In addition, the projection angle ¢ in the x-z-plane and the in-plane-rotation angle ¥ in the x-y-plane are
needed. Furthermore, the segments have to be centred in x- and y-direction.
To determine the projection parameters, these assumptions can reduce the space of freedom during
3D-refinement. In Figure 2.16 the general refinement and reconstruction method is shown. Several
reference projections are calculated from a reference density map. Subsequently, each segment (in the
case of SPR a particle) is compared with and aligned to the reference projections and the respective
angles are assigned (‘projection matching’). Projection parameters (shifts and angles) are needed for
the actual 3D-reconstruction. The subsequent reconstruction method is based on the projection-slice
theorem and goes back onto the Randon-transformation (Frank, 2002; Penczek, 2010b; Radon, 1917).
The theorem states that a Fourier-transformation of each 2D-projection of a 3D-object describes a
single plane (central slice) in Fourier-space of the original 3D-object. Thereby, the Fourier-space can

be filled by projections from different views and the 3D-object can be calculated by an inverse Fourier-
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transformation (Figure 2.16). Another approach for reconstruction is to back-project the 2D-image to
3D and thereby recover the 3D-density information. Both principles are widely established in other
experiments for deriving a reconstruction like in tomography. The advantage in tomography is that
the projection parameters are known a priori, as the specimen is fixed and each projection image is
taken with defined projection angles (MclIntosh et al., 2005; Murphy and Jensen, 2007). But
tomography is not suitable for a high-resolution reconstruction as the sample gets exposured several
times and, as described in the subsection before, the biological sample is sensitive to the overall
applied dose. Therefore, only one projection image is recorded per particle in SPR to obtain a high-
resolution structure. Moreover, the low signal-to-noise ratio hampers the accuracy of the refinement.
Thereby, the assignment of the projection parameters is very challenging. Previously, assigning one set
of projection parameters to one particle was widely established. For that purpose, the maximal cross-
correlation of a particle to a reference projection was determined. With the growth of computational
power, now is possible possible to apply more elaborated methods. It has been shown that applying a
probability distribution of projection parameters can perform much better. For that purpose a
maximum-likelihood approach (‘Bayesian’ approach) was introduced, in which each particle is used
with a weighted set of projection parameters for the reconstruction (Scheres et al., 2005; Sigworth,
1998; Sigworth et al., 2010; Yin et al., 2003). In theory, both approaches should finally converge in a
single set of parameters for each particle, but the iteratively refinement itself is more stable and less
prone to misalignments in the case of using a probability distribution of parameters (Scheres and
Chen, 2012).
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Figure 2.16: Refinement and reconstruction.

From the current 3D-density map several 2D-reference projection are created. In the next step, each segment
(particle) is matched and centred (x- and y-direction) to one reference projection and the known projection
parameters are assigned to the particle. In the case of a maximum-likelihood approach, not a single (highest
cross-correlation) but rather a weighted probability distribution of a set of projection parameters is assigned.
Afterwards, the 3D-reconstruction is performed and further used in the next iteration of refinement. The 3D-
reconstruction is an inverse Fourier-transformation (FT™') of the filled Fourier-space. A Fourier-transformation
(FT) of each projection image (particle) describes a central slice in Fourier-space of the original 3D-structure and
the determined projection parameters (0i, ¢s, ¥i) define the orientation of the slice.

In addition, a splitting of the particles of the data set into two parts has been established and is
named ‘golden standard approach’. The refinement can be further improved regarding error-proneness
by performing the alignment of both halves independently and interpret the reconstruction only up to
a certain level, where both reconstructions have a significant agreement (see resolution estimation in
subsection 3.4.6; Chen et al., 2013; Scheres and Chen, 2012).
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When comparing SPR in TEM with crystallography one major advantage, besides having the sample
in its native environment is that it is possible to digitally purify the data. Thereby, samples, which do
not crystallize due to heterogeneity or due to a higher degree of flexibility, can be still processed and a
structure can be obtained. A digital purification is performed by different classification approaches, in
which the single particles can be sorted regarding to their state or conformation (Bai et al., 2015b; Ohi
et al., 2004; Penczek et al., 2011; Scheres, 2010; Yang et al., 2012). When these differences are on the
level of single domains or even in the range of the size of secondary structure element, a
high-resolution structure and data with optimal information (for example a high signal-to-noise ratio)
are required to distinguish these differences, which has been made possible recently (see next

subsection).

2.3.3 Recent developments in TEM: “resolution revolution”

Single particle cryo-EM has underwent a significant change in the last years. In the past, it was
sometimes disparagely called ‘blob-ology’ since EM was limited to low resolutions in the nanometre
range and the published structures looked like a blob in comparison to X-ray crystallography (Cheng,
2015; Gebel Berg, 2015; Zhu and Zhu, 2015). In the end of 2015, Nature Methods proclaimed “The end
of ‘blob-ology’: single-particle cryo-electron microscopy (cryo-EM) is now being used to solve
macromolecular structures at high-resolution”. At the same time, it was designated as the ‘Method of
the year’ by Nature Methods (Doerr, 2016; Editorial by Nature Methods, 2016; Eisenstein, 2016;
Glaeser, 2016; Nogales, 2016).
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Figure 2.17: Cryo-EM structures at atomic resolution.

a, b, Two examples of densities out of a 2.2 A density map derived from cryo-EM. Bound water molecules and
ions (highlighted in yellow) can be identified. ¢, Similar residues can be directly distinguished in the shape of the
density map. Subfigures are from Bartesaghi et al. (2015). Reprinted with permission from AAAS.

At the same time in 2014, Werner Kihlbrand heralded the start of a ‘new era’ of cryo-EM by the so-
called ‘resolution revolution’ (Kiihlbrandt, 2014a; 2014b). He reviewed different high-resolution
structures revealed by cryo-EM, which were published starting in 2013, showing the advantages of new
hardware and improved computational methods for the first time (Allegretti et al., 2014; Amunts et
al., 2014; Li et al., 2013a; Liao et al., 2013; Scheres, 2014). So far, the highest resolved structures
revealed by cryo-EM were published by the group of Sriram Subramaniam at a resolution up to 2.2 A
(Bartesaghi et al., 2015) and 1.8 A (Merk et al., 2016). The EM density maps allow directly
differentiating between similar amino acids (e.g. Valine and Isoleucine; Phenylalanine and Tyrosine;
Lysine and Arginine) and show bound water molecules (Figure 2.17). In addition, Merk et al. could
break the 4 A-barrier for a protein of a size smaller than 100 kDa.

This subsection gives a brief overview of the fundamental developments of the last years making this
large progress possible. On the one hand, there was the next generation of cameras and ultra-stable,

automated TEMs and on the other hand further software development. At the moment, there are
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several reviews published giving a more or less comprehensive overview on these developments (Bai et
al., 2015a; Callaway, 2015; Cheng, 2015; Egelman, 2016; Frank, 2015; Nogales and Scheres, 2015;
Schroder, 2015; Subramaniam et al., 2016). In addition, Danev and Baumeister recently made a break-
though in using a phase-plate for data collection (Danev and Baumeister, 2016; Khoshouei et al.,
2016). This could the next step to ‘break the crystal ceiling’ even for smaller proteins (Gebel Berg,
2015).

Development of the direct detection camera

Originally, TEM images were recorded on film and afterwards digitized by a scanner. The images had
an excellent spatial resolution, which was not limited by the pixel size. It was rather limited by the
movement of the specimen during exposure (e.g. beam-induced drift as a result of charging, instable
specimen support and movement of the stage of the microscope), the applied dose to get a reasonable
contrast and the big effort, which had to be made for the data collection. The ‘readout’ of one
hundred images (recording, developing and scanning) was in the range of two days, while the actual
exposure time was just a second. Nevertheless, already with this recording method it was possible to
obtain a high-resolution structure with an optimal specimen, best microscopy setup and a substantial
personal effort (Jiang et al., 2008; Zhang et al., 2008; 2010; Zhou, 2011; Zhou and Chiu, 2003).
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Figure 2.18: Layout of different types of cameras.

The first two panels show the general scheme of a conventional camera (a) and a direct detection camera (b)
(modified from www.gatan.com; Gatan Inc.). The conversion from an electron (e) into a photon is spreading the
dot-like incidental information (a) and back-scattered electron trajectories can induce a displaced signal in
addition (c). d, ‘Back-thinning’ of the detector substrate significantly reduces these events of back-scattering
events and the subsequent wrong signal. The example shows the development from the Falcon I (c) to the
Falcon II and III (d). Reprinted from (Kuijper et al., 2015) with permission from Elsevier.

The film recording was almost replaced by digital cameras (CCD and later CMOS chip) one decade
ago. The main advantage was to digitalize an image on a computer at the microscope directly, which
could be checked by the user, and in addition a much faster time for recording of the actual data set.
Nevertheless, the quality of the image itself was in the same range or worse than of those derived from
film. However, in comparison to film the spreading of the incoming, dot-like information (incident
electrons) in an image recorded with a camera is quite high. This is because of the transformation of
the electron into photons by a scintillator and the fibre optics before the actual detection on the chip
(‘indirect detection’). Furthermore, the recording time was still in the range of a second to receive
enough contrast for image analysis and the resolution was limited by blurring effects due to
movements as mentioned before.

At that time, different institutes and companies (see Kiihlbrandt, 2014a) started to overcome these

problems by trying to invent a camera which can directly detect the incoming electrons without
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transformation to photons (‘direct detection’) and which has a much faster readout time. It took more
than ten years before first prototypes were tested (Deptuch et al., 2007; Faruqgi et al., 2003;
Kiihlbrandt, 2014a; Milazzo et al., 2005). Right now, there are three companies, which provide
commercially available direct detection cameras: the ‘Falcon II' from FEI (Hillsboro, Oregon; ‘Falcon
IIT’ will be available soon), the ‘K2’ from Gatan Inc. (Pleasanton, California) and the ‘DE-Series’ from
Direct Electron (San Diego, California). The general setup of a direct detection camera in comparison
to a conventional camera is given in Figure 2.18. A more comprehensive overview of all camera
specifications and performance are available online or in respective publications (Kuijper et al., 2015;
Li et al., 2013b; McMullan et al., 2014; Ruskin et al., 2013).
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Figure 2.19: Motion correction of movie frames.

a, In all types of image recording, a moving object during exposure leads to a blurring of the information, which
can be wanted, as in the given photo (Courtesy to R. Steyernagel; Steyernagel, 2013). b, In EM, the applied
electron beam leads to beam-induced drift and instable stages to mechanical movement, which results in a
blurred image of the specimen (c). d, Thereby, the power-spectrum - especially at high-resolution - is distorted.
e, As nowadays a set of single frames instead of an integrated image is recorded, methods can be applied to
correct for the drift (see Movie alignment in subsection 3.4.4). Finally, the image is restored (f) and the high-
resolution information can be recovered (g). Subfigures are combined from Brilot et al. (2012, reprinted with
permission from Elsevier) in b, ¢, f and Li et al. (2013a, reprinted by permission from Macmillan Publishers Ltd:
Nature Methods) in d, e, g.
Not only the improved signal-to-noise ratio and spatial resolution but also the much higher readout
time makes direct detection cameras superior to conventional cameras (Falcon II: 17 readout frames
per second (fps); K2: 40 fps; DE-20: 32 fps). The advantage is that instead of recording a single image
integrated over the exposure time, a so-called ‘movie’ is recorded consisting of several single ‘movie-
frames’. The K2 and die Falcon II differ at the point of exposure time significantly. While the chip of
the K2 is very sensitive to a high dose and thereby the overall and single frame exposure time is long
(several seconds), the Falcon II works at much higher doses and records in a shorter time (one to two
seconds). These movie frames can be used and aligned to reduce drift and motion of the specimen due
to the applied beam or the instability of the specimen stage during image recording (see Figure 2.19
and paragraph Movie alignment in subsection 3.4.4). Blurring of the image can be removed with this
motion correction and high-resolution information is recovered. Furthermore, it is possible to weight
each frame regarding its already incorporated dose. Thereby, the loss of high-resolution information by
the dose-dependent radiation damage (e.g. disruption of side-chains, ice-blurring) of the protein sample
is reduced, while still low-resolution information (important for the alignment) is preserved (see also

subsection 3.4.4).
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Several studies tried to quantify and to compare the different detectors and their settings (Grob et al.,
2013; Kuijper et al., 2015; Li et al., 2013b; McMullan et al., 2014; Ruskin et al., 2013). The so-called
detector ‘Quantum efficiency coefficient’ (DQE) describes the fraction of detected to incidental
information regarding to the spatial frequency. This statistical value is often applied to compare
different detectors. However, all quantifications so far were not made with the exact same setup,
especially when comparing different types of direct detection cameras. Therefore, the graphs in
respective publications have to be taken with caution and can only be used for a general interpretation
(one example is given in Figure 2.20). One major difference between the K2 and the Falcon II is that
the K2 has a significantly higher DQE at low frequency, while the Falcon II has a better DQE at high
frequencies. It seems so that both camera types are the leading edge of detector development and that
the K2 produces slightly better results for smaller proteins due to the higher DQE at low resolution,

which is mainly important for the alignment.

1 Figure 2.20: DQE of different detectors.
The Quantum efficiency coefficient (DQE) describes
: the fraction of detected to incidental signal. The
K2 Summit experimental data curves show the respective DQE
curve of different detectors. The absolute values have
to be taken with caution, as all quantifications were
performed under different setups. However, all direct
detection cameras perform as good or even better than
film over the whole frequency spectrum. The K2 shows
a significantly higher DQE at low frequencies, while the
Falcon II has a slightly better performance at high
frequencies. Figure is taken from McMullan et al.
(2014).
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It has to be considered that the K2 camera is often used with an energy filter (GIF Quantum Energy
Filter, Gatan Inc.) or in a ‘super-resolution mode’, where the pixel size is computational doubled.
Thereby, the shown results for the DQE can change in addition. Taking all together, the new camera
technologies make it possible to introduce the term of ‘electron counting’ instead of ‘integration’ about
several detected electrons per pixel. If the readout is fast enough, false events - for example noise - can

be discarded and thereby the signal-to-noise ratio significantly enhanced.

Improvements of the setup of TEM data acquisition

The general setup and operation of an EM have not changed. The major improvements are the overall
performance (automation of transfer and data collection; stability and running time), the coherence
and brightness of the electron beam (high-brightness field emission guns, XFEG), the illumination
system (third condenser lens for a parallel illumination and coma-free alignment, ConstantPower™
lenses) and the possibility to correct for the spherical aberration (Cs corrector). FEI is right now the
leading company in life science electron microscopy, which provides high-end microscopes for high-
resolution cryo-EM. The FEI Titan Krios incorporates all improvements and elements mentioned
above. In 2016 over one hundred Titan Krios have been sold and built up around the world. There is
not only a technical development, but also improvements in computational power and algorithms as

described in the next paragraph.
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Software development

Software development was a major part in the resolution revolution. While in the past almost only
specialized users were performing cryo-EM reconstructions, there were a clear need for a professional
and easy-to-use package. Several software packages can produce high-resolution structures but most of
the programs lack a proper interface and documentation. The first software package providing this
essential need to the community was ‘Relion’ (Scheres, 2012). Most of the implemented tools were
already published before (Scheres et al., 2005; 2009) and incorporated in ‘Xmipp’ (Scheres et al.,
2008). Programs like ‘Sparx’ (Hohn et al., 2007) or ‘Frealign’ (Grigorieff, 2007) were capable to
produce a high-resolution structure at the same time, but they were mainly based on command-lines
and self-made scripts, were hard to install and no established workflow was described in detail.

Besides providing a GUI, one core requirement is to produce reliable, reproducible and not over-refined
structures. Therefore, internal validation are performed and the refinement protocol is less prone to
errors. Currently, the ‘maximum-likelihood’ approach and the ‘golden standard’ refinement strategy
prevent overfitting (see subsection 2.3.2; Scheres and Chen, 2012).

Future requirements will be the automation of the 2D- and 3D-refinement and classifications,
improvement in computational power and time (e.g. acceleration through usage of graphics processing
units (GPUs) instead of central processing units (CPUs)). Recently, first results were presented using
a new version of Relion (version 2.0, unpublished), in which some parts of the software package were
accelerated by GPU implementation (Kimanius et al., 2016). Another point will be the automation of
the actual model building and improvement of the interface to the refinement of the
3D-reconstruction. It will take some years until the determination of high-resolution cryo-EM

structures is on the same highly automated level as X-ray crystallography.
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2.4 Aim of this work

The goal of my thesis was to obtain high-resolution structures of a F-actin-tropomyosin complex and a
physiological human actomyosin complex with cryo-EM. At the beginning of my doctoral thesis there
was neither a high-resolution structure of bare F-actin nor atomic structures of F-actin in complex
with tropomyosin or myosin. This hampered our understanding of the interaction and disease-causing
mutations of the components of the complexes in atomic detail. Only maps at medium-resolution of
entire complexes and high-resolution X-ray structures of the individual components existed. To
perform my experiments using TEM, I was supplied with different isoforms of actin, myosin and
tropomyosin from different species. All proteins were purified at the Medical School in Hannover in the
group of Prof. Dr. Manstein.

My first task was to reconstitute suitable protein complexes and test the conditions by negative stain
EM and later on find the best conditions for the vitrification process. Once the best conditions for the
preparation were found, I was supposed to record data sets on a high-end electron microscope
equipped with a direct detection camera to obtain a high-resolution structure of the complexes. The
second part was to develop a new protocol to prepare and to process the obtained EM data. In
addition, in collaboration with Prof. Dr. Penczek from the University of Texas another task was to
improve the method of processing a filamentous protein sample by performing a constrained search for
the projection parameters during refinement using helical symmetry. There was no software package
available for that purpose. Then, the workflow should be applied on the data sets. Finally, the aim
was to use the EM density maps to build and derive the atomic model of the respective complex and

perform the analyses of the structures.
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3 Material and Methods

3.1 Protein purification

Different isoforms of F-actin, myosin and tropomyosin were used and screened during the time of my
doctoral thesis. Only the finally applied samples are described and listed in Table 3.1. Prof. Dr.
Dietmar Manstein and his group from the Institute for Biophysical Chemistry at the Hannover

Medical School (MHH) provided all purified protein samples.

3.1.1 Protein samples

Protein name  Gene Organism Tissue Expressing system  Purified at

Actin al-actin ACTA1 Oryctolagus cuniculus skeletal natively purified MHH & MPI

Actin yl-actin ACTG1 Homo sapiens cytoplasmic ~ Baculovirus/Sf9-cell ~MHH & MPI
Myosin myosin-IIC MYH1} Homo sapiens cytoplasmic ~ Baculovirus/Sf9-cell MHH
Tropomyosin | al-tropomyosin ~ TPM1 Mus musculus skeletal Escherichia coli MHH
Tropomyosin | a3-tropomyosin TPM3.1 Homo sapiens cytoplasmic Escherichia coli MHH

Table 3.1: Provided protein samples from F-actin, myosin and tropomyosin isoforms.

All data in this thesis are obtained from the proteins samples listed above. The F-actin-tropomyosin and the F-
actin-myosin-tropomyosin complex are composed of o-actin and al-tropomyosin (white background) or y-actin,
myosin-IIC and a3-tropomyosin (grey background), respectively. All samples were purified at the MHH. The final
steps of protein purification of the actin samples were performed at the MPI.

Other isoforms of actin (human cytoplasmic B- and cardiac actin), myosin (myosin-II from
Dictyostelium discoideum) and tropomyosin (a3-tropomyosin isoform 2) were screened but finally not

used for the complex formation.

Actin

Skeletal a-actin (ACTAI, Uniprot-ID P68135, al-actin from Oryctolagus cuniculus) was natively
purified from rabbit muscle. The purification was performed at the MHH based on the protocol of
Pardee and Spudich (Pardee and Spudich, 1982). Fresh skeletal rabbit muscle dealt as the natural
source. The derived actin-containing acetone powder was shipped to Dortmund on ice. I performed the
separation and purification of G-actin from the acetone powder at the MPI and stored the sample
flash-frozen in liquid nitrogen at -80° C. The protocol is provided in subsection 3.1.2. Cytoplasmic G-
actin (yl-actin, Uniprot-ID P68032, ACTG! from Homo sapiens) was recombinantly expressed using
the baculovirus/Sf9-cell system and purified at the MHH (Miiller et al., 2012; Ohki et al., 2009).
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Flash-frozen G-actin samples were sent to Dortmund and stored at -80° C. For both cases, frozen G-
actin samples were thawed and polymerized to F-actin prior preparation of the specimen at the MPI
(see subsection 3.1.3). The final concentration of F-actin for negative staining EM and cryo-EM was
adjusted empirically (see sections 3.3 and 4.1). The following buffer nomenclature is used throughout

my doctoral thesis:

G-actin buffer or G-buffer:

5 mM Tris-HCI pH 7.5, 1 mM DTT, 0.2 mM CaCl,, 0.5 mM ATP, 2 mM NaNj;
F-actin buffer or F-buffer:

5 mM Tris-HCI pH 7.5, 1 mM DTT, 100 mM KCI, 2 mM MgCl,

If additional ATP was supplemented, the respective concentration is given in the text. All ATP and
DTT containing buffers should always be prepared freshly and kept at 4 ° C.

Myosin

The myosin-IIC (MYH14, Uniprot-ID Q7Z406-1, isoform 2 from Homo sapiens) sample was
recombinantly expressed in the baculovirus/Sf9-cell system and purified via FLAG antibody capture
and size exclusion chromatography at the MHH. For more details of the used construct and
purification see subsection 4.4.11 Applied methods and the protocols from Heissler and Manstein,
2011. Afterwards, the purified myosin samples were flash-frozen in liquid nitrogen (with additional
10% trehalose as a cryoprotectant) and sent to Dortmund. Prior reconstitution of the protein
complexes, a small amount of myosin sample (5 pL of a 75 mM myosin solution) was thawed and
diluted with 45 plL of F-buffer. Finally, the dilution was dialyzed against F-buffer to reduce the
trehalose concentration to a minimum. Myosin should be kept in a buffer with an ionic strength above

50 mM to prevent aggregation.

Tropomyosin

al-tropomyosin (TMP1, Uniprot-ID P58771, alpha-1 chain from Mus musculus) with an alanine-serine
extension was recombinantly expressed in FEscherichia coli and purified based on the protocol of
Coulton et al. at the MHH (Coulton et al., 2006). The al-tropomyosin isoform is abundant in smooth
and striated muscles. Cytoplasmic a3-tropomyosin (7'PM3, Uniprot-ID P06753-2, isoform Tpm3.1
from Homo sapiens) was expressed and purified based on the same protocol. Both purified al- and
a3-tropomyosin samples (330 mM and 390 mM, respectively) were flash-frozen in liquid nitrogen and
sent to Dortmund. Prior reconstitution of the protein complexes, a small amount of the respective
tropomyosin sample (5 nL) was thawed and diluted in F-buffer to different final concentrations (1:10 -

1:200), as the concentration for the reconstitution was adjusted empirically (see sections 3.3 and 4.1).

3.1.2 Purification of G-actin

The purification protocol described below uses muscle acetone powder from rabbit for separation and
purification of G-actin. It is commercially available (e.g. from SigmaAldrich or Cytoskeleton, Inc.) and
is purified from skeletal muscle from rabbit (Carsten and Mommaerts, 1963; Pardee and Spudich,
1982; Seraydarian et al., 1967). For my doctoral thesis, the muscle acetone powder was prepared at

the MHH. If the following protocol does not yield a reasonable amount of G-actin (10 - 15 mg), the

34



Material and Methods

quality of the muscle purification is less sufficient and the starting amount of acetone powder has to
be increased.

1 g of muscle acetone powder is resuspended in 25 mL freshly prepared G-buffer and stirred for half an
hour at 4°C in a small beaker. The solution is vacuum-filtered (filter paper: QT 205, Fisherbrand)
and all remaining solid materials are stirred for half an hour in another 25 mL of freshly prepared G-
buffer. The filtered solution has to be kept at 4° C. Afterwards, the solution is vacuum-filtered as
before and the entire actin-containing solution (50 mL) is centrifuged to remove solid impurities
(Ti 70, Beckman Rotors; 100.000 g, 1 h, 4° C). The polymerisation of the supernatant is induced by a
salt-shift to 100 mM KCIl and 2 mM MgCl, with addition of 0.5 mM ATP. The polymerisation is
performed for 2 h at room temperature (RT). The solution should significantly turn turbid and more
viscous. The F-actin solution is centrifuged (Ti 70, Beckman Rotors; 100.000 g, 3 h, 4°C) and 2 L of
G-buffer is prepared. The supernatant is discarded and the pellet is washed carefully with G-buffer to
remove remaining G-actin and aggregates. Afterwards, the pellet is resuspended in G-buffer,
homogenised with a glass homogenizer and transferred to a dialysis membrane tube (SpectraPor-4,
cut-off 12-14 kDa, SpectrumLabs). In total, not more than 10 mL G-buffer should be used for this
step. The dilution is dialysed against remaining G-buffer at 4° C overnight. On the next day, dialyse
buffer is replaced with freshly prepared G-buffer (2 L) and left for the day and overnight. Finally, the
G-actin-containing solution is centrifuged for a second time (TLA 100.4, Beckman Rotors; 100.000 g,
1h, 4°C). The same protocol for polymerisation (2 h, RT) and a two-day depolymerisation (sample
volume: 10 mL; reservoir volume: 2 x 2 L) round is carried out as described above. Finally, the G-actin
solution is centrifuged (TLA 100.4, Beckman Rotors; 100.000 g, 1 h, 4°C) and the concentration of
the supernatant is estimated by absorption spectroscopy (see below). An additional round of
polymerisation and depolymerisation can improve the sample purity. For other experiments, a size
exclusion chromatography is even more reasonable.

The G-actin concentration is estimated by absorption spectroscopy. As ATP takes a significant part in
the absorption at 280 nm, an experimental extension coefficient at 290 nm is used (g290 = 0.63 mL mg!
cm’; (Hertzog and Carlier, 2005)). The concentration c is estimated by ¢ = Ebyonm €200 d?, where Eagonm
is the measured extinction at 290 nm and d = 1 cm for the used device (NanoDrop ND-100, peqlab).
G-actin should be flash-frozen in liquid nitrogen in a range of 50 mM to 150 mM (2-5 mg mL"') to
have a reasonable concentration for polymerisation and to prevent aggregation. The sample can be
diluted or concentrated for that purpose before flash freezing. In addition, glycerol (5-10 %) as a

cryoprotectant can be added. Flash-frozen G-actin is capable for long time storage at -80 ° C.

3.1.3 Final purification step of (G-actin

Before performing the reconstitution experiments of the protein complexes, the respective G-actin
sample is thawed (~ 100 pL, 50 - 150 mM G-actin) and resuspended using a pipette. The sample is
centrifuged to remove remaining precipitants (TLA 100.1, Beckman Rotors; 100.000 g, 30 min, 4 ° C).
Afterwards, the G-actin-consisting supernatant is polymerized by a salt-shift to 100 mM KCI and
2 mM MgCl, with addition of 0.5 mM ATP. The polymerisation is performed for 2 h at RT and
overnight on ice at 4°C. On the next day, the F-actin sample is centrifuged (100.000 g, 2 h). For a
subsequent depolymerisation step, 100 mL auf G-buffer is freshly prepared. The supernatant is
discarded and the pellet is washed carefully with G-buffer to remove remaining G-actin and

aggregates. Afterwards, the pellet is resuspended in G-buffer, homogenized and transferred to a
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dialysis button (Hampton Research). In total, the pellet is diluted in 50 puL of G-buffer. The dialysis
button is covered with a piece of dialysis membrane (SpectraPor-4, cut-off 12-14 kDa, SpectrumLabs)
and dialysed against remaining G-buffer overnight at 4°C. On the next day, the membrane is
carefully penetrated with tip of a pipet and the solution is transferred to a tube for centrifugation
(100.000 g, 1 h, 4°C). The polymerisation of the supernatant is performed for 2 h at room
temperature (RT) and overnight on ice at 4°C by applying the same salt-shift as before without
additional ATP. On the last day, the F-actin solution is centrifuged (100.000 g, 2 h, 4°C). The
supernatant is discarded and the pellet is washed carefully with F-buffer to remove remaining G-actin
and aggregates. Finally, the pellet is resuspended with in total 50 pL. F-buffer without addition of
ATP, carefully homogenized with a pipette and transferred to 0.5 mL Eppendorf Tube ®. The F-actin
solution should be incubated for 1-2 h at RT before preparing the specimen for TEM (see next section
3.2). It depends on the purity of the flash-frozen G-actin, if an additional depolymerisation and
polymerisation round is necessary or if the direct usage after the first polymerisation of G-actin is

already sufficient for the specimen preparation.
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3.2 Sample preparation for TEM

EM grid Grid square Hole in carbon film Cross section of hole
in carbon film
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Figure 3.1: EM grid layout.

Scheme of a typical specimen holder (grid) used for transmission electron microscopy. The grid is covered with
either a holey carbon layer (shown in this figure) or a continuous carbon layer and is divided in single squares.
Protein particles are either analysed on the whole square region (negative staining) or only within holes (cryo-
EM). Figure taken from Wang and Sigworth (2006).

Standard biological samples for transmission electron microscopy are prepared in a liquid environment.
For investigating these samples (e.g. protein solution) with an electron microscope the solution has to
be fixed to a specimen holder. As the microscope column itself has to be at high vacuum to prevent
electrons from interfering with air the sample has to be either dried or frozen (see also subsection 2.3.1
Transmission electron microscopy on biological samples). This section describes two protocols for the
general sample preparation with either negative staining (3.2.1) or cryo vitrification (3.2.2). Finally
optimized procedures are given in the respective paragraphs in Results & Discussion chapter in section
4.1 and in the applied methods subsection of 4.3 and 4.4, respectively.

A copper grid (diameter 3.05 mm) is used as a specimen holder, which is covered by a thin layer of
carbon. This layer of carbon is either continuous (for negative staining) or has a holey structure (for
cryo vitrification). The grid itself is split into hundreds of squares (see Figure 3.1). EM grids can be
purchased commercially either with or without a continuous or holey carbon layer (e.g. from
Quantifoil®, C-flat™). In addition, a continuous carbon layer can be added to a bare grid manually
(see subsection 3.2.1). Grids for EM vary in their mesh size, hole size and hole spacing. A typical grid
is described as for example “C-flat 2/1”, which stands for a hole size and hole spacing of 2 pm and
1 nm, respectively. There are other materials serving as raw material for the grid (e.g. gold or nickel),

which are less toxic than copper for growing for example whole living cells on a grid.

3.2.1 Negative staining

Carbon coating of EM grids

Grids for negative staining have to be covered by a continuous carbon layer prior the staining and
drying procedure. If not already purchased with carbon layer, the bare cupper grid (G2400C, Plano
GmbH) has to be covered with a thin polymer film onto carbon can be coated afterwards. For that
purpose, a small amount (2x-3x 25 pL. drops) of collodion solution (Fluka) is applied carefully on
water in a glass beaker (diameter ~ 30 cm). During this process the water surface should be as still as
possible to reduce waves in the final carbon layer. After evaporation of the solvent the bare grids can
be manually placed with a forceps on top of the polymer layer. There are several protocols published
which demonstrate the optimal grid handling and visualized the whole procedure in detail (Booth et

al., 2011; Ohi et al., 2004). When a reasonable amount of grids (~ 40 - 60) are placed on an area of
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~ 3x3 cm? a piece of lint-free blotting paper is applied from the top. Everything should be sucked to
and stabilized by the blotting paper. Unnecessary rest of the polymer film can be cut from the edges
from the paper. Finally, the blotting paper with the grids is transferred to a petri dish upside-down for
drying for one to two days. Additional filter paper in the petri dish can accelerate the drying process.
Once the prepared grids are dried they are transferred to a carbon evaporator machine (Leica EM
ACEG600, Bal-Tec MEDO020). In both cases, the chamber for coating is brought to high vacuum (~ 10
Pa) at first. Afterwards, carbon is evaporated or sputtered from a carbon rod or thread by a high
current, respectively. The final carbon layer should be in the range of a 5-15 nm thickness for optimal

preparation and contrast.

Preparing of stain solution

Different heavy metal solutions can be applied for negative staining of protein (e.g. uranyl acetate,
uranyl formate, sodium phosphotungstate, ammonium molybdate). They differ in their grain size,
usable pH range, stability and quality of contrast. Uranyl formate or acetate is used in most cases.
Both stain solution are acidic (pH 4 - 4.5) and can have an impact on the protein structure and
stability, because proteins can be sensitive to the ph. The main advantage is the quality of the
contrast and the small grain size making these staining solution superior to other ones. Uranyl acetate
and formate are highly toxic and should be carefully handled and contaminated materials (filter paper,
tips) are hazardous waste.

For standard negative staining EM a 0.75 % solution of uranyl formate is prepared. 5 mL of water is
boiled and 37.5 mg of uranyl formate (SPI-Chem) is added. Solution is stirred in the dark for five
minutes. Afterwards, 6 nL. of 5 M sodium hydroxide is added to adjust the pH and stirred again for
five minutes in the dark. Finally, the solution is filtered through a 0.22 pm filter syringe to a plastic
tube. Adjusting the pH to exactly 4.0 can improve the quality. The staining solution is stable for up to
a week, if stored in the dark and heat is avoided. If the solution starts to precipitate it should be

filtered again or freshly prepared.

Negative staining of protein samples

The grid has to be cleaned and made hydrophilic by glow-discharging prior to the actual applying of
sample and staining. Therefore, the grid is transferred to a plasma-cleaner (FEMTO, Diener
electronics GmbH & Co. KG) and an ionising gas charges the surface of the grid.

Best protein concentration differs between protein type and size and has to be optimized during
screening (0.01 - 1 mg/mL). Therefore only volumes are given in this section. To get a reasonable
negatively stained sample, concentration and stain thickness has to be optimized empirically.

A freshly glow-discharged grid with continuous carbon is fixed in a reverse forceps. Two drops
(~10 pL) of washing solution (distilled water or protein buffer) and two drops (~10 pL) of stain
solution (0.75 % uranyl formate) are placed on a clean piece of Parafilm® (see Figure 3.2a). A volume
of 4 mL of sample solution is applied to the grid and incubated for 30 - 60 s. The solution is blotted
with a piece of filter paper (Whatman 4) at the edge of the grid. The first drop of washing solution is
adsorbed to the grid a directly blotted as before with filter paper. Afterwards this procedure is applied
with the second drop of washing solution and the first drop of stain solution. The second drop of stain
solution is only adsorbed to the grid and incubated for another 30 s before blotting with filter paper.
The grid is finally air-dried. A small amount of liquid has to be left on the grid during all blotting

steps to avoid drying out in the meantime.
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Crosslinking prior staining

It is possible to crosslink proteins prior to the actual staining procedure. This can be performed
directly on the grid to reduce possible artefacts due to the extreme pH change for proteins, which are
normally at a physiological environment around pH 7-8. Therefore, the protein solution is applied to
the grid and washed once as before. Then a drop of the used protein buffer with 0.25 %
glutardialdehyde is applied for 10 - 30 min on the grid before the standard negative staining procedure
with two steps of washing and staining is carried our, respectively. Hepes instead of Tris must be used
for the protein buffer for crosslinking studies to avoid crosslinking of the amino group of Tris instead

of crosslinking of residues.

3.2.2 Cryo vitrification
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Figure 3.2: Grids and plunge freezers.

a, Standard setup for negative staining of a protein sample. The grid is fixed in a reversed forceps. Two drops for
washing and two drops for staining are prepared on a piece of Parafilm®. b, Transmission electron microscopy
image of two types of holey carbon grids with different hole size (first number in pm) and hole spacing (second
number in pm). ¢, d, Two of the three mostly used and commercially available plunge freezers; FEI Vitrobot in
(c), Gatan Cryoplunge Cp3 in (d). A Cp3 allows removing of blotting pads to blot manually from one side.
Blotting force is motor-driven or created pneumatically for the Vitrobot or Cp3, respectively.

Commercially purchased holey carbon grids are used for vitrification of a protein sample. The aim of
the cryo vitrification step is to fix the protein in a thin layer of vitrified ice. The optimal ice thickness
depends on the project and is in the range of 20 - 150 nm for single particle EM. The protein has to be
within a hole (see Figure 3.1, Figure 3.2b) since the contrast between ice and a biological sample is
very low (see also subsection 2.3.1 Transmission electron microscopy on biological samples). Ice
thickness influences protein distribution and the air-water interface can induce unwanted preferred
orientation of a protein sample. Ice thinner than the analysed protein results in displacing of the
protein from the holes. On the other hand the contrast will be reduced significantly by too thick ice.
However, a compromise between the ice thickness and sample concentration is needed to obtain best

sample distribution and contrast.
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Different devices are commercially available for plunge freezing of a protein sample onto an EM grid
(Gatan Cryoplunge Cp3, FEI Vitrobot, Leica EM GP; see also Figure 3.2¢, d). All devices use liquid
ethane as environment for freezing (melting/boiling point: -183°C /-89°C) and liquid nitrogen
(melting/boiling point: -210°C / -196 ° C) for cooling the ethane. The ethane container of the Gatan
Cryoplunge Cp3 can be heated to a temperature higher than the melting point to prevent ethane to
become solid. To set up the respective device the user manual should be consolidated. Contamination
of ethane with ice crystals should be reduced as much as possible. Therefore, tools should be warmed
up and be totally dried prior usage. In addition, high humidity or direct contact to breath must be
prevented during all next steps after vitrification of the sample. The general protocol for all these

machines is described below.

Plunge freezing protocol

A glow-discharged holey carbon grid (see subsection before) is fixed into a forceps and is mounted into
the humidity chamber (Figure 3.2d). Humidity is regulated manually or automatically depending on
the used device (should be higher than 90 %). The protein sample is applied to the grid (1 - 4 nL) and
can but have not to be incubated for several seconds. Afterwards, the solution on the grid is blotted
from either both or only one side with filter paper (Whatman 4) automatically. The blotting time and
force depends on the device and can be set independently. In addition, devices differ in their
underlying method for applying the blotting force (motor-driven or pneumatically). Finally, only a
thin layer of the protein solution is left on the grid and is directly plunge frozen into liquid ethane.
Afterwards, the grid is stored in a small grid box. Prepared vitrified sample can be directly transferred
to an electron cryomicroscope for screening or can be stored for months in liquid nitrogen.

As mentioned above, best conditions have to be adjusted empirically. Once the optimal condition is

found, several grids should be plunged frozen and stored.

Strategies for optimization

Different sizes and spacing of the holes should be checked for optimal conditions. Ice conditions and
binding behaviour of proteins can be modified by addition of detergents like Triton or Tween 20 at a
concentration of 0.01 - 0.05 % to the protein buffer. If the protein concentration in the holes is too low
or the proteins tend to bind only to the surrounding carbon film, saturation of the carbon by applying
the sample multiple times can improve the result. Filter paper types differ in their blotting speed and
lower values (e.g. Whatman 5) can help to reduce the blotting speed, which is necessary especially for
bigger protein complexes or filamentous structures. Although blotting time and force can be set
individually, often manual blotting from only the back or front side with a piece of filter paper can
lead to optimized sample conditions. In some cases, an additional thin layer of continuous carbon can
improve the distribution. It should be checked that the contrast is not reduced too much and that the

protein binds not only in preferred orientation to the carbon.
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3.3 Screening and data acquisition

3.3.1 Screening with negative staining

Negative staining electron microscopy is the method of choice to perform easy and rapid screening of
one or several protein samples. The preparation of one grid is in the range of minutes (see subsection
3.2.1). The quality of a protein sample can be checked with this method already on the level of a
micrograph (like overall heterogeneity, aggregation and impurities). In addition, the reproducibility is
very high and can deal as a quality control for further EM studies. A data set can be recorded to
visualize possible higher level of unwanted heterogeneity like flexibility within a protein or different
conformations. Furthermore, a data set can help to reconstruct an initial low-resolution model for
further high-resolution refinement of a cryo-EM data set.

For this thesis, negative staining was applied to check for the quality of the filaments and to adjust
the protein concentration of F-actin. Furthermore, it was used to optimize the reconstitution of the
different protein complexes at the right concentration directly on the grid (see section 4.1 in Results &
Discussion). In addition, three data sets of bare F-actin, F-actin decorated with tropomyosin and
cross-linked F-actin-tropomyosin were recorded to detect if the staining procedure can modify the
tropomyosin position on F-actin (see section 4.3 in Results & Discussion).

All negative stain studies were performed on a JEOL JEM-1400 electron microscope equipped with a
LaBg cathode operating at a voltage of 120 kV (Figure 3.3a). The sample grid is inserted with a side-
entry specimen holder. All images were manually recorded with a 4k x 4k CMOS TemCam F416
(TVIPS). The field of view in were checked in ‘search mode’ (four fold binned rolling shutter mode)
with 400 ms exposure time. Images were finally recorded with an exposure time of 1 s in ‘exposure
mode’ (unbinned mode). The camera is controlled via a computer interface (EMMENU, TVIPS). In
addition, a fluorescence screen can be inserted for visualizing the sample.

The whole sample transfer into the microscope is a fragile process and the user has to be trained by
the facility manager. In addition the alignment and usage of the microscope has to be trained as well.
The next two paragraphs deal as an overview.

Before starting a screening or data collection session on the microscope, a cold trap has to be filled
with liquid nitrogen. Especially when bringing several samples after each other into the microscope,
the vacuum quality can drop. The beam has to be switched of during sample transfer. The cold trap
sits next to the injected sample grid. After stabilization of the temperature the first grid can be placed
and fixed to the specimen holder. The specimen holder is not directly inserted to the microscope. An
initial evacuation is performed in a pre-chamber. Afterwards, the holder is inserted to the microscope
column. The exact vacuum limits, rolling rotation and position of the specimen holder have to be
advised during training. After vacuum stabilization in the column, the electron beam can be switched
on.

The alignment of a microscope can be split into alignment before and during data acquisition. Firstly,
the gun lens system is aligned with the condenser lens system and then the condenser lens system with
the object lens system. The main goal is to align the electron beam to the central axis of the
microscope. The objective lenses are on axis by definition. Deviation can lead to reduced image quality
(especially lost if high-resolution frequencies). In addition, condenser and object apertures have to be
centred. Astigmatisms of the condenser lens system (distortion of the beam) and object lens system

(distortion of the Fourier-transformation of the image, ‘power-spectrum’) have to be corrected with
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stigmators. All alignments from above are performed before data acquisition. During data acquisition
the current position of the grid has to be moved to the eucentric height of the microscope (image
position of specimen is independent from tilting of the specimen under ‘standard defocus’ settings).
The focus has to be set to a reasonable defocus value (micrometre range) to allow a good contrast and
as much as possible high-resolution information. The astigmatism of the object lens system can be
defocus-dependent and should be checked in the power-spectrum. A smaller objective aperture leads to

a higher amplitude contrast.
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Figure 3.3: Used transmission electron microscopes.

a, Negative staining studies to screen sample quality and to perform reconstitution experiments of the different
protein complex were obtained on a JEOL JEM-1400 microscope. b, Vitrification settings were checked on a
JEOL JEM-3200FSC microscope. Both microscope types are installed at the Max-Planck-Institute in Dortmund.
c, The final data sets for obtaining a high-resolution structure were collected on a FEI Titan Krios at NeCEN in
Leiden (Netherlands).

3.3.2 Screening for cryo-EM sample conditions

Cryo-EM screening was performed manually on a JEOL JEM-3200FSC for determine best blotting
and sample conditions at the Max-Planck-Institute in Dortmund (Figure 3.3b), while the final data
collection were carried out at a cryo-EM facility in the Netherlands (see next subsection 3.3.3).

The general alignment and sample transfer procedure does not differ from the methods described
above. One difference is that the whole sample transfer has to be performed in liquid nitrogen or in a
cold nitrogen gas phase at low humidity. A cryo transfer station (EM CPC, Leica) is used to mount
up to three grids into the cryo specimen holder. In addition, the microscope itself is cooled with liquid
nitrogen. The JEOL JEM-3200FSC is very sensitive to changes of the lens currents and the induced
magnetic fields. Therefore, changing for example the magnification, brightness or beam position can
lead to strong hysteresis and should be handled with caution. The microscope was run at an
operational voltage of 200 kV and images were recorded on an 8k x 8k CMOS TemCam F816
(TVIPS). The ice homogeneity within one grid can differ significantly. Several squares in different

regions of the grids were screened to obtain a quality valuation of the respective vitrification settings.
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In addition, the JEOL JEM-3200FSC has an omega in-column energy filter, which removes inelastic
scattered electron and can be used to estimate the ice thickness by comparing the same field of view

with and without filtering.

3.3.3 Data acquisition for high-resolution cryo-EM

Recent developments in cryo-EM make it mandatory to collect a data set on a high-end microscope
equipped with a direct detection camera for reconstruction a high-resolution structure (see section
2.3.3 Recent developments in TEM: “resolution revolution”). The high-end electron cryomicroscope
(JEOL JEM-3200FSC) of the Max-Planck-Institute was not equipped with a direct detection camera.
Therefore, the obtained and processed data sets of this thesis were recorded at the ‘National Center for
Electron Nanoscopy’ (NeCEN) in Leiden in the Netherlands on a FEI Titan Krios TEM (Figure 3.3c).
The Titan Krios was operated at 300 kV and is equipped with an extra-high brightness field emission
gun (XFEG). All images were recorded with a back-thinned 4k x 4k FEI Falcon II direct detection
camera. In addition, the used Titan Krios has a corrector for spherical aberration. The sample grids
were prepared and screened at the MPI in Dortmund (see subsection 3.3.2 before). The Titan Krios
has the advantage of a fully automatic loading of a grid to the microscope (Autoloader™, FEI). Up to
twelve grids can be mounted to the sample loader cassette under liquid nitrogen. The microscope-
cooling tank is filled with nitrogen automatically. After a fast manual pre-screening of each grid, the
respective grid for further automatic data collection were chosen. At first, an overview image (‘Atlas’)
of the whole grid is recorded to set up the automatic data collection software (EPU, FEI). Each square
can be selected independently and test images are taken. Finally, several squares are chosen for the
actual data collection, which can run automatically over several days with only minor external
controlling.

The following settings have to be adjusted by the user in the data collection software prior starting.
The main settings are the defocus range and step size, how many images per hole should be recorded,
how many single subframes (tsuframe = 55 ms) should be summed up to one individual frame (in total
seven frames could be recorded), when the collection of the frames should start (e.g. deleting of first
subframes is possible) and exposure time per position in a hole. The output is directly written to an
external hard drive. Per position an integrated image without any correction over the full exposure
time (‘mrc’ file format) is saved, a JPEG-copy of this image is converted and an image stack (so-called
movie stack; ‘mres’ file format) of the seven frames is created. In addition, a ‘XML’-file holds all
metadata information.

The applied settings are given in the respective paragraphs in Results & Discussion chapter in the
applied methods subsection of 4.3 and 4.4, respectively. The data sets were recorded within one session
over three day in October 2013 for the F-actin-tropomyosin structure and within two sessions in
September and October 2014 in about eight days for the actomyosin structure, respectively. The
overall raw data set size per session were in the range of ~ 2 TB. The raw data set was backed before

starting any further processing step.
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3.4 Computational methods in cryo-EM

This section gives a general overview of the applied computational methods and protocols, which are
applied to data sets for reconstruct a high-resolution structure with cryo-EM. The ultimately used
programs and methods are given in Results & Discussion chapter in the applied methods subsection of
4.3 (F-actin-tropomyosin, first data set, Figure 3.4a) and 4.4 (F-actin-tropomyosin-myosin, second

data set, Figure 3.4b), respectively.
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Figure 3.4: Schematic workflow of data processing.

a, b, Applied overall workflow for the two processed data sets. Detailed description can be found in the applied
methods subsection 4.3.8 and 4.4.11. In addition, the workflow after pre-processing in (a) in described in section
4.2 in more detail. The data were prepared the same way (pre-processing), while the workflow differed
significantly at the stage of 2D-classification and 3D-refinement. ¢, General idea of an algorithm for
2D-classification. All particles are assigned (and optional aligned) to a set of 2D-classes. Afterwards, new class
averages are summed up and taken for the next iteration. d, General idea of an algorithm for 3D-refinement.
Reference projections are calculated from a current density map (initial model or reconstruction from last
iteration). All particles are assigned and aligned to the reference projections. In the case of (a) an improved
algorithm checks for the projection parameters regarding to the helical symmetry within a filament (see also
section 4.2 in Results & Discussion chapter). Finally, a new density map is reconstructed with the assigned
projection parameters and the current resolution is estimated.

A main difference was the used software package for the structure classification and refinement
(subsections 3.4.2 - 3.4.6). ‘SPARX’ (Hohn et al., 2007) was used for the first data set and ‘RELION’
(Scheres, 2012) was applied on the second data set. After processing of the second data set, the

derived strategies with Relion were adapted to the first data set and are included in section 4.3
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(Figure 3.4b). In addition, the results in section 4.2 Improved helical reconstruction: HELICON
describe a software package, which was implemented into Sparx for this thesis (Figure 3.4a, d).

Other commonly applied software packages for single particle or helical refinement and classification
are ‘FREALIGN’ (Grigorieff, 2007; Lyumkis et al., 2013), ‘FREALIX’ (Rohou and Grigorieff, 2014),
‘SPRING’ (Desfosses et al., 2014), ‘EMAN2’ (Ludtke, 2010; Tang et al., 2007), ‘IMAGIC’ (van Heel et
al., 1996) or ‘SPIDER’ (Shaikh et al., 2008).

3.4.1 Data pre-processing

Organization of the data set and image inspection

Keeping exactly track of each image by a unique image name is very important through the whole
data processing steps. Therefore, a single data set name (e.g. ‘actaTM’) with a running number (e.g.
starting ‘0001’) should be applied to each quartet consisting of a 1 s integrated images, a converted
JPEG-copy, a XML-file and a image stack with an addition suffix (e.g. ‘_frames’). Additional data
from an extending data collection session should continue from the last number from before.

It is highly recommended to inspect all images manually (particularly by checking the JPG-copy) to
delete not suitable images (contaminated, empty or overcrowded holes; destroyed carbon foil areas;

images recorded with a strong drift or astigmatism).

Movie alignment

When summing up all frames to one average image, each individual frame of a movie stack has to be
aligned to the other frames to improve signal to noise ratio as an initial step of pre-processing (Brilot
et al., 2012). Mainly blurring of the image information due to a drifting sample can be reduced by this
step (see 2.3.3 Recent developments in TEM: “resolution revolution”). For that purpose different
alignment approaches can be applied and are described below. Individual particle movement relative
to the rest of an image can be corrected during a later step of processing (see subsection 3.4.4).
Finding a peak in a cross-correlation map between two individual frames can be rather inaccurate or
simply wrong. One approach is to calculate all shifts not independent from each other. Therefore, each
relative movement between two frames of one movie stack can be used for a redundant measurement
(over-determined set of linear equations). Small movements between adjacent frames can still be very
inaccurate and therefore only shifts starting with a distance of at least two or more frames are
calculated. This approach is implemented in ‘motion corr’ and runs on a graphics processing unit
(GPU; Li et al., 2013a).

Another method to improve the alignment accuracy of a single frame is not to align one frame to
another frame but is to align one frame to the sum of all frames. The higher signal-to-noise ratio of the
sum of all frames can enhance the peak of a cross-correlation map. Furthermore, this method can be
applied iteratively. For that purpose, the shifts per frame estimated in the previous iteration are
applied during calculation of the current sum of all frames. This method is implemented in ‘unblur’
(Grant and Grigorieff, 2015). In addition, this software package can compensate for beam-induced
damage (for more details see subsection 3.4.4). There are other tools available but were not applied to
the data sets (Abrishami et al., 2015; Rubinstein and Brubaker, 2015). The final output of all

programs is one drift-corrected average image of the movie frames.
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CTF estimation

Compensation and correction for the contrast-transfer-function (CTF) is essential for obtaining a high-
resolution reconstruction (see also section 2.3.1). Therefore, the CTF has to be estimated prior starting
any further processing steps. A least square fit can be applied by fitting two parameters (defocus and
astigmatism) per image. The voltage, spherical aberration and pixel-size are considered as constants
for the calculation. Several software packages are available for that purpose like ‘CTFFIND’ or
‘CTER’ (Mindell and Grigorieff, 2003; Penczek et al., 2014; Rohou and Grigorieff, 2015). They base on
the same general principle for preparing the individual image for the calculation but use different
fitting algorithms or parameter set to describe the CTF model.

All programs cut an image (e.g. 4096x4096 pixels) into sections (e.g. 256x256 pixels), calculate the
Fourier-transform of the section and average them to one total Fourier-transform. The simple Fourier-
transformation of the original image has a lower signal-to-noise ration than the averaged Fourier-
transformation. The CTF function is rotation invariant and a rotational averaged Fourier-
transformation is obtained for applying the actual fitting. High drift or strong astigmatism will reduce
the quality of this conversion. Therefore, the calculation should be applied on the drift-corrected
average of each movie stack. The astigmatism is directly fitted to the averaged 2D-Fourier-

transformation or to the rotational averaged curve. This approach can be applied iteratively.
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Figure 3.5: CTF parameter set and CTF estimation.

a, The given CTF model is described by an ellipse with its short semi-axis (small defocus value f), its long semi-
axis (big defocus value fi) and an astigmatism angle «ast to the x-axis. b, ¢, All programs output statistics for
diagnosis. For simplification in both subfigures no astigmatism is present. In (b) the plot gives the calculated
CTF fit (yellow) and the experimental amplitudes (green) of the rotational averaged 2D-Fourier-transformation.
In addition, the accuracy of the fit is given in blue. At high frequencies the accuracy is reduced. The averaged
Fourier-transformation of all section of one image is shown in (c), while the lower left gives the fitted CTF
approximation. Subfigures combined and modified from Rohou and Grigorieff (2015), with permission from
Elsevier.
The outputs of different programs base on the same CTF model but use different parameter sets. The
CTF model is fully described by a defocus value, an astigmatism angle and amplitude, or by two
defocus (smallest and highest) values and an astigmatism angle (latter parameter set is given in Figure
3.5a). Both parameter sets can be converted to each other. Examples of the applied fit and diagnosis
of the fit is given in Figure 3.5b, ¢ (more detailed description of the applied algorithms see Penczek et

al. (2014) or Rohou and Grigorieff (2015).

Particle picking and extraction

To analyse and reconstruct a structure of a single protein or filament, the actual ‘particles’ or

‘segments’ in the case of a filamentous sample have to be selected (‘picked’) and extracted from each
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single image. This process can be totally manual, semi-automatic or automatic. It extremely depends
on shape and size, concentration and distribution, and contrast of the sample. As no automatic tools
for selection of filaments exists, this paragraph only described the manual selection of filaments with
the ‘helixboxer’ tool (‘sxhelixboxer’) of Sparx.

As the contrast of the images can be very low and for selecting of the filaments no high-resolution
information in the images are needed, the picking of the filaments can be applied on low-pass filtered
images (Gaussian low-pass filter with a cut off of 10 A - 15 A). Thereby, the contrast is significantly
improved as small details are filtered out (filtered areas in Figure 3.6a, b). During selection of the
filaments, parts of overlapping or crossing filaments and full bundled filaments (mostly present in the
second data set, Figure 3.6b) are leaved out. The position of all filaments within an image is saved as
a ‘coordinates file’, in which pixel of the start and end position of each filament is written to. After
selection of all reasonable filaments of all images, the filaments are rotated to the y-axis and separated
into single segments automatically. A segment size (several asymmetric subunits, typical range for
F-actin: ~ 10 subunits per segment) and a boxing distance (at least one rise) have to be set for the
extraction. The segment size has an direct influence on the processing time and an optimal number for
asymmetric subunits per segments depends on the respective filamentous sample (Egelman, 2010).
Finally, one stack of all segments from the 1 s integrated images and one stack from the drift-corrected
average images is extracted.

To apply any constraints to the projection parameters per filament, an identification number (filament
ID) or name per filament has to be defined and be tracked through all steps of further refinements (see

also section 4.2 Improved helical reconstruction: HELICON).

Selected F-actin-
tropomyosin filament

F-actin-tropomyosin data set F-actin-tropomyosin-myosin data set
Figure 3.6: Filament selection and extraction.

a, b, Representative images of the two data sets. The inlet in (a) and the lower panel in (b) show examples of
the applied low-pass filter for the step of filament selection. ¢, One filament from (a) is pre-rotated to the y-axis
prior separating into segments with a defined distance and size. d, Finally, the extracted segments can be used
for further refinements. Scale bars in images are 50 nm. Subfigures combined and modified from von der Ecken et
al. (2015 and 2016).

3.4.2 Two-dimensional (2D) classification

A general tool for classifying a stack of particles (or segments in the case of a filamentous sample) is
performed in 2D without needing any 3D-reconstruction. The idea of the method is to sum up
segments representing the same view of the (unknown) molecule (Figure 3.4c). The resulting so-called
‘class averages’ of several particles have an enhanced signal-to-noise ratio and can be used for sorting

out less suitable particles (e.g. destroyed particles; particles lacking a domain of a molecule;
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unspecifically bound compounds or bundled particles). Often it is possible to detect flexible parts
(smeared out in an class average) or directly assign parts of the class average to respective parts of a
complex. Furthermore, the class averages can be used to perform an initial model of an unknown
molecule at low resolution. As several low and medium resolution electron density maps of F-actin
exist, the often very essential step of getting a reliable initial model for further 3D-refinement is not
needed and is not described.

2D-classifications were applied to check the segment stacks of both data set for their quality (e.g. if
secondary structure elements are already visible) and the complex reconstitution (e.g. if tropomyosin is
bound to F-actin). In addition, it was applied to sort out less suitable segments in the case of using
the pure single particle approach for the second data set and the reprocessing of the first data set in

section 4.3.

Figure 3.7: Example of 2D-classifications.

a, A classification with Sparx shows aligned segments to the y-axis. F-actin subunits are assignable (green
ellipses) and density for tropomyosin is visible (white arrow). b, ¢, F-actin filaments are suitable for high-
resolution 2D-classification with Relion. Representative class averages show a high degree of details. For example
the coiled-coil structure of tropomyosin is already present in the class averages (c). Scale bars in class averages
are 10 nm. Subfigures combined and modified from von der Ecken et al. (2015 and 2016).
2D-classification can be understood as finding clusters within the unknown projection parameters (in
2D: x- and y-shifts and in-plane rotation). Therefore, a 2D-alignemnt has to be performed before or
during the classification. The number of clusters within a data set has to be set by the user. It depends
on the data set size, computing power and if the data set is derived from a negatively stained or cryo
vitrified sample. In the case of a cryo-EM data set at least 100 particles should be averaged to a single
class. Sparx uses a classification method based either on a ‘k-means’ algorithm (Duda et al., 2012) or a
‘Tterative Stable Alignment and Clustering’ (ISAC) approach (Yang et al., 2012). The advantage of
the latter one is a high reliability due to implemented inner validation and checking of reproducibility.
In the case the filamentous sample in this thesis a k-means classification with ‘sxk means’ were only
applied, because the overall architecture is known and classification was only used to check the
alignment quality (Figure 3.7a). Another method in Sparx for a combined alignment and classification
in a single program is implemented in a multi-reference alignment (‘sxmref ali2d’). The program
needs as an input a stack of references (derived from a k-means classification or calculated reference

projection from a 3D-density) to which the particle stack is assigned and aligned.
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Relion applies already a maximum likelihood approach for 2D-classifications with or without 2D-
alignment (see 2.3.2 Single particle and helical reconstruction) and is superior in the maximal
obtainable quality and visibility of details in comparison to Sparx (Figure 3.7). But it can struggle
when aligning small particle without any distinct shape (e.g. roundish particles). Furthermore, the
centring of a particle can fail, when the centre of mass is not in the centre of the particle dimension or
top and side views significantly differ in their size.

In addition, transformed 3D-projection parameters to a 2D parameter set can be applied for a
classification without refinement to validate the estimated 3D-parameters. Often it can be utilized to
sort out misaligned segments or to perform focused classification on only a part of the molecule or
protein complex.

One other method for applying a classification can be performed in three dimensions. The general
method is the same but at much higher computational costs. For some projects a 3D-classification can
be superior to 2D-classification and improve the sorting and achievable resolution. 3D-classifications
could not improve the quality of the final reconstructions of both data sets, as the flexibility and

differences are on a level, which is not classifiable.

3.4.3 Three-dimensional (3D) refinement

All commonly applied software packages base on the same methods for obtaining a 3D-reconstruction
from 2D-projection of a single particle or filament (Figure 3.4d). They compare calculated reference
2D-projections from the current reconstruction with the experimental 2D-projection (particle stack)
and assign either one set of projection parameters to the respective particle (highest cross-correlation
peak) or a weighted distribution of several sets of projection parameters (maximum-likelihood
distribution). Please consider subsection 2.3.2 Single particle and helical reconstruction in the
Introduction for more details regarding the two approaches and how an actual reconstruction is
performed.

At the stage of 3D-refinemnt, it has to be distinguished between a pure single particle approach
(section 4.4), where no symmetry is applied and a helical reconstruction method (section 4.3), where
the symmetry of the filament is used for alignment and symmetrization of the reconstruction. An
improved program for the latter one was implemented in ‘HELICON’ during this thesis and is
discussed in section 4.2 Improved helical reconstruction: HELICON. An older program of the latter
approach is the ‘Iteratively Helical Real Space Refinement’ (IHRSR) but were not used anymore for
this thesis (Behrmann et al., 2012b; Egelman, 2000; 2010). For the former approach (pure single
particle approach) the 3D-refinment and reconstruction algorithm of Relion was used. The next
paragraphs describe the overall workflow of a 3D-refinement, while detailed descriptions are part of
Results & Discussion chapter in the applied methods subsection 4.3.8 and 4.4.11.

For starting a 3D-refinement an existing starting model is needed. A cylinder with the dimension of
the filament or a cylinder filled with Gaussian noise can be used as an initial reference for
reconstruction of a filamentous sample. In the case of F-actin, the overall structure is known and a
low-resolution density map can be used as an initial model. Furthermore, the refinement can be
improved by applying a mask covering only the actual protein density. With an applied mask on
respective parts of the density the refinement can be finally focused. Initial masks should be broader

and carefully narrowed in later iterations (e.g. starting with a cylindrical mask, continuing with mask
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of the full filament, finishing with a mask on the central subunits). As a mask will always cut density
in the case of a filamentous sample, the mask should have smoothed edges.

If symmetry is applied during refinement or on the reconstructed volume, the user has to define the
symmetry (axial rise and rotation of an asymmetric subunit) before starting the refinement. As the
program runs iteratively, a rough idea of the symmetry is sufficient to start the refinement. The
symmetry parameters have to be checked from iteration to iteration and should be adjusted if
necessary. By this approach the optimal symmetry parameter can be estimated iteratively (Behrmann
et al., 2012b; Egelman, 2000; 2010).

The quality and accuracy of assigning of the projection parameter depend on the number of reference
projection (‘sampling’). This is done either automatically or has to be defined by the user. A step size
and step range (for x- and y-shifts) and the step size of the angular sampling should start with broader
values allowing a global and exhaustive refinement. Once the overall projection parameters are found,
the refinement can be continues with local searches with finer sampling. On the one hand this will save
computing time and on the other hand will prevent from being stuck in a local minima. In the case of
a filament, it is reasonable to allow only side views to be assigned. As the filament is almost
perpendicular to the beam direction, the out-of-plane rotation angle (‘tilt’ or ‘theta’) can be restricted.
If the filaments are already aligned to the y-axis at the stage of boxing, the possible in-plane rotation
angle (‘rot’ or ‘psi’) is limited, too. Another parameter, which has to be adjusted for each iteration, is
the cut-off frequency of the low-pass filter. The currently applied filter frequency should be always the
current resolution of the reconstruction (see also subsection 3.4.6) or even less. By this, the so-call
‘over-refinement’ can be reduced or completely prevented. Over-refinement describes an artificial
improving of the current resolution due to a high correlation of noise (Scheres and Chen, 2012). It
depends on the used software packages, if the respective sampling and low-pass filter is adjusted

manually or automatically (see also subsection 3.4.6).

3.4.4 Correcting for particle movement and beam-induced

damage

As a final step of a high-resolution 3D-refinement, it is possible to perform a particle-based movie
refinement to compensate for drift and movement of a single particle. It has to be distinguished from
the movie alignment of the whole image (see subsection 3.4.1). At the same level, the total dose of the
averaged image should be evaluated. High-resolution information is getting lost with a higher applied
dose (see also subsection 2.3.1 Transmission electron microscopy on biological samples). Therefore,
each movie frame is weighted dose-dependent. In addition, the sample drift in the beginning of the
exposure more than in the end due to the applied beam and charging effects.

Relion has a two-step particle-based movie refinement (Scheres, 2014). In a first step, the drift per
frame of each particle is estimated regarding its drifted-corrected averaged particle (Figure 3.8a). In a
second step, all estimated shift values are applied, the weighting factors are estimated (Figure 3.8b)
and a new particle stacks of ‘shiny particles’ are written out. All frames can either be weighted or
some frames can totally be left out for the shiny particles.

Sparx has no implementation of for a particle-based movie refinement and no particle-based movie
refinement was applied for Sparx in this thesis. But it is possible to work with ‘shiny particles’ derived
from Relion. Beside that, a particle stack from weighted averaged movie frames can be used to extract

the particles from. The software packages ‘unblur’ and ‘summovie’ can calculate a weighted average to
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compensate at least for the overall beam-induced damage (Grant and Grigorieff, 2015). In addition,

the first frame or first frames could be deleted to remove a strong beam-induced drift.

I L 1 L

5 10 15 20
movie frame number

Figure 3.8: Particle-based movie refinement.

a, Example of an image of a single particle project. The drift (indicated by up-scaled arrows) is not unique
throw-out the whole image. The right part of the image is the raw image for comparison. b, The so-called
B-factor is estimated per frame to perform weighting regarding the frame quality. A lower value indicates worse
high-resolution information due to high beam-induced drift (first frames) or beam damage (high dose in the last
frames). ¢, Secondary structure elements (like the turn of a helix) become more clearly visible density map by
applying a particle-based movie refinement and dose-dependent weighting. Figure modified from Scheres (2014).

3.4.5 Methods for sanity check of projection parameters of

filamentous samples

No information from adjacent particles can be utilized when performing a 3D-refinement for a single
particle. The particle orientation is random. In the case of a segment, which is part of a filament,
adjacent or even the whole filament information can be taken into account to define the projection
parameters. One simple example is that all segments within a filament have to point either up or
down, when aligned to the y-axis. In addition, all other parameters (angles and shifts) should depend
on each other. In theory, all other parameters of the same filament could be estimated by knowing the
projection parameters of one segment. In reality, a filament is always flexible and not totally rigid.
The degree of flexibility is highly sample-dependent. So far, no single particle approach has take this
into account. Old single particle approaches (IHRSR; Behrmann et al., 2012b; Egelman, 2000; 2010)
did not make use of it and the information was lost once the filament was segmented. Therefore, a new
software package was implemented into Sparx (section 4.2). At the same time two other approaches
addressed same ideas (‘FREALIX’, Rohou and Grigorieff, 2014; ‘SPRING’, Desfosses et al., 2014).

For the pure single particle approach with Relion (applied in section 4.4), after performing 3D-
refinement and particle-based movie refinements the final projection parameters were checked
regarding the helical consistency within each filament. Therefore, the filaments were split to sub-
filaments in the size of ten segments. Within each sub-filament, the median out-of-plane and in-plane
rotation angles were estimated and outliers were discarded. By choosing different cut-off values the
optimal subset of segments can be established. In theory, only filaments showing no flexibility at all

could be used, but this will result in a large reduction of size of the data set.

3.4.6 Post-processing and resolution estimation

After 3D-refinement the actual resolution of the reconstruction has to be determined. Furthermore, the

details of the reconstruction can be improved by amplifying of low frequencies, which are under-
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represented due to the envelope function (‘b-factor sharpening’), and by correction of the MTF of the
detector (see also subsection 2.3.1 Transmission electron microscopy on biological samples). The same
method for estimation of the resolution can also be applied during refinement to get suitable values for
the low-pass filtering (see section before). While in Sparx the user has to set the value manually, in
Relion the resolution estimation during refinement is performed automatically.

A ‘Fourier-Shell-Correlation’ (FSC) is calculated for assigning a resolution value for validation of the
quality of a reconstruction. Therefore, the data set is split into two equally sized halves and one
reconstruction is performed for each part of the data set. These halves are then compared by a FSC.
The FSC describes the correlation value (1 = high correlation; 0 = no correlation) of the two halves
regarding a given Fourier-shell (summed up frequency range). A defined cut-off for the correlation
value gives the current resolution of the reconstruction. Two different cut-off criteria are applied
depending on the 3D-refinement strategies.

The 0.5-criteria (FSCos) is chosen, when the data set was processed as a whole in each iteration of 3D-
refinement and when the two half reconstruction are performed only for the actual FSC calculation
(Penczek, 2010c; van Heel and Schatz, 2005). The 0.143-criteria (FSCo143) is applied, when the 3D-
refinement is performed by the golden standard approach (Scheres and Chen, 2012; see 2.3.2 Single
particle and helical reconstruction).

The resolution of a reconstruction does not have to be homogenous throughout the structure, as for
example different regions of a protein or protein complex can be more flexible than other and thereby
make it impossible to achieve a high-resolution in that region. A mask of different parts of the
reconstruction can be manually applied to get local resolution values. Software packages are available
to perform a local resolution map of the full reconstruction (‘ResMap’, Kucukelbir et al., 2014;
‘sxlocres’ in Sparx). These resolution maps can be used to either colour the reconstruction (example
‘Color suface’ in ‘Chimera’ (Pettersen et al., 2004)) or to filter the reconstruction regarding their local

resolution (‘sxfilterlocal’ in Sparx).
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3.5 Model building and refinement

Once a high-resolution reconstruction of a protein or protein complex is obtained, a molecular model
(‘coordinate’ or ‘protein data bank’ (PDB) file) has to be derived. Different strategies, methods and
program packages exist to generate these models. If no model or a homolog structure exists and the
structure is totally unknown, the average resolution has to be in the range of 3.5 A or better to build
up the model ab initio. If homolog models or parts of the protein complex already exist (like in the
case of F-actin, tropomyosin and myosin), these models can be directly utilized to create the new
model. Even at lower resolution levels, the resulting models are sufficient for structural interpretation

and analysis. A general overview of applicable strategies and programs are given in this section.

3.5.1 Preparation of the EM density map

In comparison to (X-ray) crystallography, the experimental data (EM density map) is at its final stage
and is not changed during model building and refinement. Established tools can be adapted, which
were originally implemented for data coming from crystallography. Therefore, the EM density map has
to be Fourier-transformed to structure factors and phases (‘mtz’ file, standard file format for software
applied in crystallography), which then can be directly used for model building and refinement.
Programs in the CCP4 suite were originally used for that purpose (Winn et al., 2011). Recently,
protocols for the conversion were published (Brown et al., 2015) and were applied from that time on
(‘map2mtz’ or ‘mrc2mtz’). Some of the applied programs need the density map in the ‘CCP4’-file
format, which can be created using standard image and map handling software packages (e.g.

‘e2proc3d’ of EMAN2; Tang et al., 2007).

3.5.2 Model building

Ab initio model building

If the resolution of the reconstruction is sufficient and the structure is unknown, the model must be
build manually into the EM density map. One major problem is to find the right register or a starting
point, if the structure is not known. Often secondary structure predictions can be used to identify
respective regions in the protein sequence (Artimo et al., 2012). In addition, tools are available to find
secondary structure elements automatically in the density map, which afterwards can be assigned to
regions in the density map (Terwilliger, 2010a; 2010b; 2010c¢). Programs (‘Coot’, Emsley et al., 2010);
‘O’, Jones, 2004) exist to build the structure residue by residue and than fit and refine the derived
model into the EM density map in real-space. Secondary structure restraints or the ‘Ramachandran-
plot’ (Ramachandran et al., 1963) can often help to find the right conformation of the rotamer.
Performing model building, when parts of the model are known can be less complicated and is

described in the next paragraphs.

Sequence alignment and homology modeling

If a model or parts from homologous structures exist, these models can be used to generate a homology
model. Search of the target sequence (‘sequence blast’) and a sequence alignment can be applied to
find these homolog structures. Programs for a sequence blast are implemented and performed on online

servers (Pettersen et al., 2004; UniProt Consortium, 2015). To identify the respective regions, the
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sequence can be aligned directly to a reference sequence with ‘ClustalOmega’ (Sievers et al., 2011).
Once a homolog sequence or structure is detected, the model can deal as a reference model to create a
homology model with the respective target sequence using ‘Modeller’ (Sali and Blundell, 1993). A
whole online library (‘ExPASy’) exists for those kinds of bioinformatics tools (Artimo et al., 2012).

Flexible fitting

When a homology model of the structure of interest or when the structure already exists in another
conformation, these structures can deal as a starting model (for example crystal structures of myosin
or monomeric actin). This starting model has to be flexible fitted into the EM density map. Several
program packages exist to perform the calculation. As an input, a model and the respective EM
density map is needed. Filter frequency, allowed flexibility and restraints are the main parameters,
which have to be adjusted and which will resuls in different performances of the programs. ‘DireX’
using a ‘Deformable Elastic Network (DEN)’ approach (Wang and Schréder, 2012) or ‘iMODFIT’
performing a ‘Normal Mode Analysis’ (Lopéz-Blanco and Chacén, 2013) were successfully applied for
that purpose in this thesis. Finally, the whole model can be manually refined, optimised and missing
residues added using Coot (see paragraph ab initio model building). Once the overall model is fitted
and built, the model has to be finally refined to the original EM density map.

The program suite ‘Phenix’ has an implemented program for a real-space refinement
(‘phenix.real space_refine’; Adams et al., 2011). This tool does not only fit the model into the EM
density, but also refines the model to improve the overall geometry of the model. In addition, non-
crystallographic symmetry (NCS) restraints (for example different subunits of F-actin) can be applied
during refinement and a model for automatically creating reference restraints can be added. The
resulting model should carefully checked for overfitting, as no geometry weights can be set in

comparison to the refinement described in the next subsection.

3.5.3 Model refinement and validation

Model refinement is essential in crystallography, since the unknown phases are determined and refined
during the actual electron density map is created (see section 2.3 Electron microscopy). For a density
map derived by cryo-EM, this refinement is performed only to optimize the model into the density and
improve the geometry, while the phases of the experimental data remain unchanged. At the same step,
the model is evaluated and overall quality is defined including the so-called ‘R-factor’ (reliability
factor, agreement between experimental data and build model; Morris et al., 1992). In addition, the
following refinements can use external restraints derived from known high-resolution crystal structures
to improve the performance. Furthermore, they are highly tuneable and general protocols were
recently published for the software packages ‘ProSMART’ (Nicholls et al., 2014) and ‘Refmac’ (Vagin
et al., 2004) by Brown et al. (2015). ProSMART is used to generate secondary structure and reference
restraints for the refinement. In addition, NCS restraints can be created. REFMAC performs the
actual refinement. The refinement depends on different geometry weights, which have to be set by the
user. For example a weight defines, how much the model is allowed to change with respect to the
input and how much the given restraints are take into account. This weights has to be established

before the model is finally refined.
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Figure 3.9: Define geometry weights in model refinement.

The geometry weights have to be defined prior the final model refinement is applied. Therefore, the model has to
be refined (here performed with Refmac) with different settings using only one derived half reconstruction.
Afterwards, the refined model is compared with both halves by calculating a FSC. FSC curves (a, b) show an
overfitting (significant variation of both curves) into the half reconstruction used for refinement (red curve) in
comparison to the other half (green curve). With a lower weight in (c¢) both FSC curves of each half
reconstruction overlay well indicating a reasonable set of geometry weights. Finally, the model is refined to the
full reconstruction (black curve in c¢) with the established settings. Dotted line indicates the estimated resolution
of the reconstruction. Especially in (a) the overfitting is significant up to the indicated resolution. Some of the
value derived for validation of the model (here: R-factor, Rms deviation) can help to identify an improvement of
the geometry or overfitting. Figure modified from Ferndndez et al. (2014).
In cryo-EM the following protocol is widely exempted to define the geometry weights (Amunts et al.,
2014; Bai et al., 2013; Ferndndez et al., 2014; Greber et al., 2014). Two independent reconstructions of
two halves exist, as in most cases the 3D-refinement is performed by using the golden standard
approach (see 2.3.2 Single particle and helical reconstruction). Initially, only one half reconstruction is
taken into account to refine the model. In addition, all atoms of the model are randomly displaced (by
0.5A to1 A) to prevent already introduced bias. After a refinement with one set of geometry weights
to one half, the model is compared to both halves with a FSC. For the FSC-calculation the refined
model is converted to a density map with the respective pixel size with Chimera (‘molmap’) or
EMAN2 (‘pdb2mrc’). If the FSC do significantly differ, the geometry weights were too unconstrained
and the model was overfitted to the half reconstruction, which was used for the refinement (Figure
3.9a, b). After establishing the right geometry weights, the obtained parameters are used to refine the
model against the full map (Figure 3.9c). Most models are refined by these strategies either with
Refmac (Vagin et al., 2004) or ‘phenix.refine’ (Adams et al., 2011).
After the refinement of the model, the result has to be validated by estimation using the
‘Ramachandran-statistics’, ‘Rms deviation’ and ‘Clashscore’. Online servers like ‘MolProbity’ (Chen et

al., 2010) or ‘wwPDB’ (Berman et al., 2003) perform the validation.
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3.6 Tools for visualization and characterization of

a protein structure

A variety of techniques and protocols exist for interpreting a derived protein model. Reasonable
methods highly depend on the context. In the case of a protein complex undergoing conformational
changes, the mainly applied tools are methods for analysis and visualization of the interfaces and for
performing conformational changes.

The program suite ‘Chimera’ was used for all visualisations and rendering of videos (Pettersen et al.,
2004). In addition, it incorporates several interfaces to other methods (e.g. homology modelling with
Modeller, see section before). ‘PyMOL’, a similar visualisation tool, was not applied for this thesis but
is widely used in structural biology (The PyMOL Molecular Graphics System, Schrodinger LLC.).
Both programs can handle density maps and coordinate files of a protein model.

For all surface depictions the model was first protonated at the respective pH using the H4++ online
server (Anandakrishnan et al., 2012). The derived protonated model was further used to colour the
surface regarding its electrostatic Coulomb potential (‘Coulombic surface coloring’ in Chimera). In
addition, the protonated model was used to visualize the hydrophobicity. For that purpose, for each
amino acid an additional attribute was defined (‘Define attribute’ in Chimera) using the scale derived
by Hessa et al. (Hessa et al., 2005). Especially when analysing different states of a molecule (e.g. in the
case of myosin states), a morph can be obtained to determine, understand and visualize the
conformational changes. For overlaying the different conformational states, the ‘MatchMaker’ tool
implemented in Chimera can be applied. When the aligned models differ significantly, it has to be
evaluated, which domain is superimposed. The ‘Morph Conformations’ tool implemented in Chimera
can finally calculate morphs between two or more superimposed models. It has to be pointed out that
the derived morphs do not have to reflect the actual trajectory of the conformational changes. More
reliable for that propose are molecular dynamics (MD) simulations. These calculations are
computationally intensive but can give more insights into the actual movement with a higher
reliability.

All figures of my doctoral thesis were created and assembled with Adobe Illustrator and Adobe
Photoshop CS6.
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4 Results & Discussion

As described in Material and Methods chapter in section 3.1, different protein isoforms as well as
proteins from different species were provided by the Manstein group (MHH) to obtain structures of a
F-actin-tropomyosin and a human F-actin-myosin-tropomyosin complex. The protein samples used for
the performed reconstructions in my doctoral thesis are listed in Table 3.1 in subsection 3.1.1. T
performed different reconstitution experiments (section 4.1) to obtain suitable protein complexes to
achieve high-resolution structures presented later in section 4.3 (F-actin-tropomyosin complex) and
section 4.4 (F-actin-myosin-tropomyosin complex). In section 4.2 I give an overview on the improved
helical reconstruction workflow implemented in HELICON. Finally, I summarize my results in a

comprehensive discussion and outlook in section 4.5.

4.1 Reconstitution of the protein complexes

A first task was to obtain suitable actin filaments, which were further decorated with tropomyosin.
Tropomyosin stabilizes the filaments and improves the filament quality and distribution on the EM
specimen. Negative staining experiments were performed to evaluate the filament quality of F-actin
and to obtain an appropriate binding of tropomyosin to F-actin. These experiments are described in
subsection 4.1.1 and 4.1.2. The subsequent vitrification process and further difficulties of cryo-EM on
filaments are given in subsection 4.1.3.

The human F-actin-myosin-tropomyosin structure was obtained by decorating the F-actin-tropomyosin
filaments with myosin. The same experiments introduced above could be used to create a human F-
actin-tropomyosin complex. The decoration of these filaments with myosin introduces strong bundling,
which cannot be prevented by a short incubation time. Therefore, the reconstitution of the actomyosin
complex was optimized. To reduce the bundling effect, an on-the-grid decoration with myosin was the
best strategy, which I already developed during my master thesis (von der Ecken, 2013). The results

are presented in subsection 4.1.4.

4.1.1 Evaluation of F-actin with negative staining EM

Negative staining EM was used for an initial evaluation of the sample condition and quality as well as
to adjust the concentration to obtain a suitable distribution. All protein samples were prepared as
described in Material and Methods chapter. As reproducibility is an important issue, a pre-screening
with negative staining EM was performed to ensure the same starting point for further cryo-EM

experiments (later in this section).
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Figure 4.1: Evaluation of the quality and concentration of F-actin sample.

Micrographs of negatively stained F-actin samples at slightly different concentrations (a higher than c¢). The
concentration was adjusted empirically. Examples show reasonable distribution on the grid. The filaments are
long (> 1pm) and show the characteristic features of F-actin (e.g. visible subunits). A distribution like this is
suitable for further tests like tropomyosin binding or on-the-grid decoration with myosin. Scale bars 200 nm.

In Figure 4.1 a representative optimal F-actin sample is given with respect to the filament
concentration and distribution. A F-actin concentration similar to the one shown in Figure 4.1c was
used for further decoration experiments with tropomyosin and myosin. Moreover, to judge over the
quality of the filaments their length as one criterion (> nm) and if F-actin characteristics were visible
(double-stranded helix, narrow and wider areas, subunits) were checked. In addition, the background
should only show a few aggregates (G-actin monomers or oligomers). Furthermore, an optimal sample
should show almost no bundled F-actin filaments, because they will most probably not be decorated
with tropomyosin or myosin, as the individual filaments block each other. If the filament quality did
not meet all criteria, the purification was repeated starting with stored G-actin samples and applying

polymerization and depolymerisation rounds.
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4.1.2 Reconstitution of the F-actin-tropomyosin complex

All experiments were performed with freshly polymerized F-actin samples and the highest
concentration was used initially, which was obtained after the final purification step of F-actin
(resuspended F-actin pellet, see subsection 3.1.3). However, standard absorptions measurements give
inaccurate results for the concentration of filamentous samples like F-actin. Therefore, not only the
concentration of F-actin but also the concentration of tropomyosin empirically had to be adjusted. To

obtain a suitable F-actin-tropomyosin complex the total tropomyosin amount was stepwise increased.

Figure 4.2: Empirical adjustment of tropomyosin concentration.

The four representative images illustrate the empirical adjustment of the tropomyosin concentration. a, The

sample as shown in Figure 4.1c shows only small particles in the background (most probably G-actin monomers

or oligomers). b-d, Same F-actin concentration but with increased amount of tropomyosin (1- in b to 4-fold in

d). For further studies a tropomyosin concentration similar to the one shown in ¢ is chosen, as yet several

tropomyosin molecules (elongated particles) are visible in the background but do not harm the filament quality

as they do in d.
The respective amount of tropomyosin with F-actin in solution was incubated for at least half an hour
before diluting it to the established F-actin concentration as shown in Figure 4.1c. This whole
reconstitution experiment with different tropomyosin concentrations is illustrated in Figure 4.2. The
filament concentration of all subfigures was adjusted to the one of bare F-actin shown in Figure 4.2a.
Afterwards, the best actin-to-tropomyosin ratio was chosen. Therefore, an F-actin-tropomyosin sample
was used, which showed a clear amount of unbound tropomyosin molecules in the background (Figure
4.2¢) while the filaments were still stable and unaffected. If the tropomyosin concentration was too

low, it cannot be ruled out that the filaments are only partly decorated (Figure 4.2b). When the
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concentration of tropomyosin was too high, tropomyosin destroys the filament during applying the
solution to the grid or drying (Figure 4.2d). In addition, the high amount of unbound tropomyosin

molecules could reduce the contrast in the final cryo-EM images.

4.1.3 Vitrification of F-actin complexes

Although the concentration was roughly adjusted with the help of negative staining EM before, the
optimal F-actin concentration has to be optimized during the vitrification procedure for every protein
complex. Especially, the applied amount of protein solution and the blotting conditions have a great
impact on the concentration as well as sample distribution on the holey-carbon grids (also see
subsection 3.2.2). Furthermore, the sample concentration is increased trough the process of manual
backside blotting, as the filament solution gets sucked though the holes and the filaments stick to the
carbon edges.

In Figure 4.3 several examples of different concentrations and distributions of the F-actin filaments as
well as ice conditions are given. One essential aspect of the vitrification process is rapid freezing as
well as storage of the sample at liquid nitrogen temperature to avoid crystallisation of the ice.
Nevertheless, it is possible that areas of the grid still show crystalline ice (Figure 4.3a), as the freezing
procedure is not homogenous. Therefore, these areas should not be used for data collection.
Furthermore, F-actin filaments can be harmed (fragmented and destroyed) by shear forces, which arise
during the blotting process (Figure 4.3b). This often happens when automatic blotting is performed or
small holes sizes are used (e.g. box size of 1.2 um).

The filament concentration depends on the ice thickness and vice versa. Once a protein concentration
similar to the given example in Figure 4.3c is obtained, the concentration can be fine-tuned. A simple
reduction of the concentration by diluting the sample or an increase of the blotting time can result in
empty holes. Furthermore, as a thin ice layers (< 50 nm) are often instable at low concentration of
filaments, a small amount of detergent (0.01-0.04 % Tween®20, Sigma-Adrich) was added to change
the surface tension and viscosity of the solution. Thereby, a thin film of solution can spread and
remain in the hole while getting frozen. It is not possible to obtain a very thin ice layer in the holes, as
at the same time the ice thickness has an impact on the F-actin distribution. If the ice thickness is less
than 30 nm, the filaments will be displaced accordingly to the ice thickness gradient. Consequently,
areas with very thin ice do not contain any filaments (example given in the centre of Figure 4.3d, e).
A gradient of the ice thickness can be recognized by a gradient in brightness of the image.
Interestingly, the filaments can stabilize the ice layer. Thereby, a compromise between thin ice (to
obtain the highest contrast) and filament concentration (to get a high yield of particles per image) has
to be found. Figure 4.3f gives an example of a reasonable compromise, as the concentration is not too
high and the filaments are still separated and not bundled. In addition, the filaments are spread over
the entire hole indicating that the ice is thicker than 30 nm and thus does not influence the filament
distribution.

The given strategies were applied to obtain the best vitrification conditions for the F-actin-
tropomyosin complex. The final protocol is described in the Applied Methods subsection 4.3.8. The
same conditions of F-actin were used to prepare the human F-actin-tropomyosin complex decorated

with myosin (see next subsection).
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Figure 4.3: Screening for best vitrification conditions for F-actin-tropomyosin.

a-b, Examples of vitrified samples with insufficient ice and sample quality. a, Areas or the whole grid suffer from
crystalline ice. b, In some cases, F-actin gets fragmented, as for example often when using an automatic blotting
device instead of manually blotting. c-f, The ice thickness and actin concentration depend on each other. ¢, The
concentration of F-actin is too high to perform any further structural analysis but the ice thickness is in the
desired range (~40-60 nm). d, The ice layer is too thin (<25 nm) and the filament concentration too low.
Consequently, F-actin gets pushed to the edges of the holes, which leads to an empty central part of the hole
(highlighted by green doted line). e, A higher concentration of actin stabilizes thin layers of ice and makes it
therby possible to obtain thinner ice layers occupied with filaments. Nevertheless, the central part is still too thin
and empty (highlighted by green doted line). f, Compromise between F-actin concentration and ice thickness.
The illustrated condition was the one I used for data collection of the F-actin-tropomyosin data set. For a better
visualization all micrographs are band-pass filtered and the lower half of micrographs in d-f are low-pass filtered
in addition. Darker vertical column in some images (b, c, e, f) on the right originates from incorrect gain
references. Scale bars are 200 nm.

Thicker
ice-layer
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4.1.4 Decoration of F-actin with myosin in cryo-EM

As introduced above, several problems were encountered when incubating myosin with F-actin in
solution. In particular, the main problem was that with myosin decorated F-actin-tropomyosin
filaments tend to bundle. These bundles are not suitable for structural analyses with TEM. Therefore,
the decoration protocol were changes to a preincubation of the F-actin filaments on the grid and
adding myosin solution on-the-grid subsequently.

As described in subsection 2.2.1, a decoration of F-actin with the head region of myosin forms a
characteristic arrow shape. Thereby, the naming as pointed and barbed end were introduced for F-
actin (see also subsection 2.2.2). This prominent shape can be used to judge the quality and
homogeneity of decoration. Furthermore, as filaments decorated with myosin heads have more than

twice the diameter, the ice thickness must be thicker than for actin-tropomyosin filaments.

Figure 4.4: Decoration of F-actin with myosin.

a, Evaluation of quality and concentration of the initial F-actin sample, which was used for the reconstitution
experiments with myosin. The F-actin concentration similar to the sample illustrated in Figure 4.3f. b, Applying
myosin to the preincubated filaments at a low concentration, results in a partial decoration of the filaments.
Interestingly, myosin is not equally distributed over all filaments indicating the a cooperativity of myosin binding
to F-actin (especially when tropomyosin is bound to the actin filament before). ¢, When using a higher
concentration of myosin (~ 1 - 5 pM) all filaments are fully decorated. All micrographs are band-pass filtered for
a better visualization. Scale bars 200 nm.

Figure 4.4a illustrates the starting point, which is a pure F-actin-tropomyosin sample going along with
optimized vitrification conditions (see subsection above). The filaments are prefixed over the holes on
the carbon edges. Although the filaments are preincubated on the grid and most of the protein

solution is blotted, an excess of protein solution always remains on the grid. This solution contains
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filaments, which are not attached to the carbon surface of the grid. Consequently, it is not possible to
completely suppress the bundling effect of myosin, which is applied afterwards.

After a preblotting step of the F-actin-tropomyosin solution (see also final protocol in Applied
Methods in subsection 4.4.11) a small amount of myosin solution was applied directly on the grid
(1-2 pL). The concentration has to be sufficiently high to decorate all actin filaments, while the myosin
in the background is still minimal, as it decreases the contrast of the images. The decoration of F-actin
with myosin is a very fast process. Therefore, the incubation time can be neglected, as binding
happens during the time, which is needed to perform the vitrification procedure. A too high
concentration can lead to a total loss of all filaments (the filaments get flushed by the strong myosin
flow). In Figure 4.4b an example of an image is given showing an intermediate concentration of myosin
solution applied to the F-actin-tropomyosin. At this concentration some filaments start to be fully
decorated while others are either partly decorated or bare. This concentration is not yet sufficient but
should be further increased. As the myosin molecules are not equally distributed over all filaments at
this intermediate concentration of myosin, it is reasonable to assume that the myosin binding occurs in
a cooperative manner, especially when tropomyosin is bound before blocking the position (see open or
Apo-state in subsections 2.2.1, 4.3.6 and 4.3.7). This behaviour (of having either totally decorated or
bare filaments) allows the usage of heterogeneous sample, as the data can be digitally purified during
filament selection or by other methods (for example by evaluating the filament diameter in 2D-
classifications). It was shown that two different reconstructions (one with and one without bound
myosin) derived from the same sample and data set could be obtained in parallel (performed by
Behrmann et al; 2012a).

The aim was a complete decoration of all actin filaments, as the overall yield was always quite low.
Another issue was, that the sample often contained lots of bundled filaments although the bundling
was reduced by the on-the-grid decoration (Figure 4.4c). To achieve the results presented in section
4.4, around 70 % of the micrographs were deleted because of insufficient decoration, filament
concentration or ice quality. Therefore, all grids were screened with caution before starting the actual

data collection to improve the overall yield.
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4.2 Improved helical reconstruction: HELICON

Analysing helical assemblies or complexes (in my case F-actin filaments) requires its own methods to
determine the projection parameters when performing a reconstruction. First pioneers in this field
applied a Fourier-Bessel approach to process helical objects (De Rosier and Klug, 1968). This method
needs long, straight and rigid filaments to determine required information in Fourier space, which is
not given for a variety of biological samples. In the last two decades, single particle methods have been
used with great success to reconstruct 3D-density maps of single molecules (Frank, 2015) (see also
subsection 2.3.2). These methods have been adapted to proteins with helical symmetry (filaments) by
the THRSR (iterative helical real space refinement) algorithm (Egelman, 2000). In this approach the
filament is split into single segments, which are treated as single particles from then on. The respective
programs were recently implemented in the software package Sparx (Behrmann et al., 2012b; Hohn et
al., 2007). For a more general introduction see subsection 2.3.2 and section 3.4 and Material and

Methods chapter, respectively.
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Figure 4.5: The HELICON workflow.

Overview of the image processing workflow of HELICON for helical objects (filaments) implemented in the
software package Sparx. The helical symmetry parameters are taken into account during the alignment precedure.
The HELIcal symmetry CONstrains (HELICON, helical geometrically constrained reconstruction) the projection
parameters of each segment within a filament.

So far, no single particle approach utilizes the symmetry within a filament to restrain the projection
parameters during refinement. Therefore, we wanted optimize the helical reconstruction approach in

collaboration with Prof. Dr. P.A. Penczek of the University of Texas (Houston). For that purpose, we
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implemented and derived a new workflow into the software package Sparx and improved each step of
the procedure starting with the extraction of the segments (helixboxer), over pre-centering of the
segments (shiftali) and the actual 3D-refinement using helicon and heliconlocal (see subsections 4.2.1
and 4.2.2). The overall workflow of the HELICON package (HELIcal CONstrains, helical geometrically
constrained reconstruction) is given in Figure 4.5 and described in this section. Afterwards, I
successfully applied the derived protocol on my F-actin-tropomyosin data set (see next section 4.3). In
addition, the performance was tested on MAVS filaments (Wu et al., 2014). P.A. Penczek and his
postdoctoral fellow J. Fang performed the development of the code. I continuously supported the
development by applying new routines on my structural data, debugging and testing the code and
introducing new ideas to solve problems when having data of an actual biological sample in contrast to
simulated data.

The HELICON workflow needs as an input the micrographs and the symmetry parameters of the
respective filamentous sample. The symmetry parameter can be estimated by an evaluation of the
power spectrum averaged over all segments (not discussed). Thereby, symmetry specific reflection lines
(layer lines) arise which can be analysed to estimate the rise and azimuthal rotation (Egelman, 2014;
2015). In addition, the CTF information of each micrograph is imported to the header during the

extraction of the segments (see also subsection 3.4.1).

4.2.1 Helixboxer and shiftali
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Figure 4.6: Helixboxer - manual boxing of filaments.

After a manual selection of individual filaments, they get pre-rotate relative to the filament axis. Next, respective

segments are automatically extracted with a defined box size and distance. The coordinates (xi, yi) define the

position of each segment within a micrograph and filament stack. The coordinates per segment and an ID per

filament are necessary for determination of the projection parameters and to constrain the parameters with

respect to the helical symmetry of each filament.
The first step, as well in single particle reconstruction, is the selection of the filaments (see also
subsection 3.4.1) and scheme in Figure 4.6. Two pairs of x-y-coordinates, which represent the start and
end pixel position of each filament, define the filament position. Afterwards, each filament is rotated
to the longitudinal axis of the box, which is the filament axis. The axis can be slightly off-centred and
not totally parallel to the actual filament due to the manual selection procedure. In the next step, each
filament is split into single segments with a defined box size and distance of adjacent sitting boxes
automatically. The distance has to be at least the size of the rise of the filament (definition of the

symmetry parameters of a helical object see subsection 2.3.2).
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A unique identification number per filament (filament ID) is added to the header to enable the
application of constraints in a further step within the same filament. In addition, the original
coordinates of each segment are saved in the header. Thereby, the belonging of each segment to a
filament and the order of segments within one filament are stored and recoverable.

As the reliability of the projection parameter restrains, which are calculated from all segments
belonging to one filament, increases with the number of segments, filaments with only a few segments
are discarded. In conclusion, the whole data set can be interpreted as a data set of single filament
stacks defined by filament ID. In some cases, in particular for strongly curved filaments, the overall
alignment quality can be later improved by splitting the filaments into shorter parts. For that purpose
the respective filament IDs can be extended by an index (e.g. a, b, ¢ ...). For the initial refinement it
can be useful to bin the data set to saves computation time. To maintain the filament information the

coordinates of each segment have to be rescaled accordingly.
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Figure 4.7: Shifitali - centering the segments.

Each segments is centred with respect to the rest of the filament. A x-shift (indicated by an arrow) is determined
for each segment by a peak search in a cross-correlation (cc) of each segment with the average of all segments of
the data set. Afterwards, based on the calculated shifts of all segments belonging to one filament a linear fit is
calculated (blue line), which is be used to replace incorrectly estimated shifts of single segments. This procedure
is performed iteratively. Finally, all x-shift are applied to the data set to create a centred stack. The centred
filament stacks are still consistent with the helical architecture of the filament.

Due to the manual selection of the filaments extracting can result in off-centred segments. Therefore,
all segments are centred with shiftali in plane subsequently. Shiftali is the first program (Figure 4.7),
which uses the filament information to constrain the search of the x-shift (black arrows in Figure 4.7).
The determination of each shift bases on a peak search of a cross-correlation (cc) of each segment with
the average of all segments of the data set. But the shift of a single segment can be prone to alignment
errors. Therefore, to compensate for outliers a least square fit over all estimated shifts per filament is
calculated (blue line in Figure 4.7). Shiftali is executed iteratively until it converges. The comparison
of the initial average of all segments with the resulting average illustrated the successful centering. To
prevent interpolation errors the shifting is performed in integers of pixel. Finally, the shifts are

physically applied on the image. The resulting filament stacks are still consistent with the architecture
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of the filament and directly serve as an input for the program helicon, which performs the initial 3D-

refinement.

4.2.2 Helicon and heliconlocal
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Figure 4.8: Helicon — initial aligning of the segments.

Helicon is the first part of the 3D-refinement, in which all segments within the same filament are aligned with

respect to its helical symmetry. The search for the projection parameters is exhaustive and the resulting

projection parameters are fully consistent with the symmetry parameters (rise Az and azimuthal rotation

angle A®).
Helicon is the first part of the 3D-refinement (Figure 4.8). Analogue to single particle reconstruction
methods an initial 3D-reference is needed. For a filament with a known helical symmetry a cylinder (or
cylinder filled with Gaussian noise) is sufficient and deals as an initial 3D-reference. Almost all
projection parameters (x-, y-shifts; in-plane angle ¥ and projection angle @) are estimated. The out-of-
plane angle is kept at 90 ° during the refinement with helicon, as the filament is almost perpendicular
to the transmission direction (see Figure 2.15 and subsection 2.3.2, parallel to the ice layer). The
respective parameters are determined per segment. The search is exhaustive (all reference projections
are considered as possible candidates). In addition, the step sizes of shifts and angles for the reference
projection are rather big (e.g. at least integer pixel and angles, see also Figure 2.15 and subsection
2.3.2). The in-plane rotation is limited to a maximal value, as the filaments should already be

relatively well aligned due to the pre-rotation during extraction of the segments. Therefore, the
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maximal in-plane rotation angle depends on the quality of the prior manual selection, the performance
of shiftali and should be in the range of a maximal angle of 10° to 15°. A least square fit of the
projection angle ¢ and the x-/y- shifts is performed after each iteration in helicon. The in-plane
rotation angle constraint of the current version of helicon is limited to the orientation of the segments
of one filament, as they should all point into the same direction (up or down). Furthermore, the y-shift
should not exceed the half of the rise in both directions when using the step size of a rise to perform
the extracting of the segments. In helicon no relaxing to the determined fit should be allowed (only
optionally). In theory all projection parameters could be derived from one set of parameters
representing one segment per filament, if the filaments would be perfectly rigid and symmetric.
Finally, a 3D-reconstruction is calculated and deals as a reference for the next iteration of refinement
or used as an input for heliconlocal. In the current version there is no convergence -criteria
implemented. In a future version the resolution could be considered as a possible criterion (see also

section 4.5).
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Figure 4.9: Heliconlocal - allowing flexibility to the segments within a filament.

Heliconlocal is the second part of the 3D-refinement, in which all segments within the same filament are still
refined with respect to the helical symmetry but small variation are allowed. Thereby, the search for the
projection parameters is locally relaxed and the resulting projection parameters can take account of flexibility.
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Helicon is used to establish the overall projection parameters while keeping them consistent with the
filament architecture. Due to physiological variations and flexibility of the biological sample, these
parameters need to be relaxed to obtain and recover high-resolution features of the structure. In
heliconlocal this idea is realized by broadening the allowed range of parameters within the final fit of
all parameters within one filament. In addition, the step sizes of projection angles and shifts used for
the 2D-reference projections are reduced. In contrast to helicon the out-of-plane angle is no longer
fixed to 90° but also determined via projection matching. The out-of-plane angle is not constrained
within a filament. As the overall orientation is already determined, the possible candidates during the
projection matching for all parameters can be limited to the neighbourhood (local refinement) to
reduce the processing time. Analogue to helicon the refinement is performed iteratively and the final
3D-reconstruction represents the final electron density map or is used to obtain better start
parameters with helicon by starting from the beginning (indicated by brown arrows in Figure 4.8 and
Figure 4.9).

In the software package Sparx, consequently also for helicon and heliconlocal, an user-defined function
is needed to perform the 3D-refinement (see Sparx wiki for further details, http://sparx-em.org). The
user function enables the user, for example, to apply a mask to the map during the refinement
(cylinder or soft-edge mask of the filament structure), to amplify underrepresented frequencies
(detector specific) to recover high-resolution information (power spectrum adjustment) and to define a
filter frequency per iteration representing the current resolution. Although the overall workflow of
HELICON is developed to have a simple strategy to reconstruct a filamentous sample, each step has
to be evaluated with caution (e.g. checking for overfitting or noise-alignment) and the user has to be
trained how to use the workflow in an appropriate manner. My results, which I present in the next
section 4.3, proved the potential and strength of HELICON. Nevertheless, this is only the first version

and can be further improved (see section 4.5 Comprehensive discussion and outlook).
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4.3 Structure of a skeletal F-actin-tropomyosin

complex

This section was original published in Nature in 2015 as:

von der Ecken J., Miller M., Lehman W., Manstein D.J., Penczek P.A., and Raunser S. (2015):
Structure of the F-actin—tropomyosin complex. Nature 519, 114-117.

Online version: http://www.nature.com/nature/journal/v519/n7541 /full /nature14033.html

The manuscript was submitted on the 25" of August 2014 and was accepted on 7" of November of the
same year after undergoing a peer review procedure. It was published online on the 1% of December
2014 and available in the printed journal on the 5% of March 2015.

The original publication was reformatted to the format of the thesis (e.g. text font, figure numbering).
The supplementary discussion is included at the respective paragraph. In addition, some extended data
figures were moved to the main text, party split or combined to improve the quality of reading,
respectively. Respective references to other chapters or sections are inserted. Some figures and tables
were moved to the Appendix. Subsection 4.3.8 gives an overview on the methods in the publication.
More generalized and optimized protocols are given in Material and Methods and sections 3.2 and 4.2
of this chapter, respectively. Supplementary videos are not included in this thesis but can be

downloaded from the online version of the paper (von der Ecken et al., 2015).

4.3.1 Abstract

Filamentous actin (F-actin) is the major protein of muscle thin filaments, and actin microfilaments are
the main component of the eukaryotic cytoskeleton. Mutations in different actin isoforms lead to early-
onset autosomal dominant non-syndromic hearing loss (van Wijk et al., 2003), familial thoracic aortic
aneurysms and dissections (Milewicz et al., 2008), and multiple variations of myopathies (Sparrow et
al., 2003). In striated muscle fibres, the binding of myosin motors to actin filaments is mainly
regulated by tropomyosin and troponin (Gordon et al., 2000; Sparrow et al., 2003). Tropomyosin also
binds to F-actin in smooth muscle and in non-muscle cells and stabilizes and regulates the filaments
there in the absence of troponin (Pittenger et al., 1994; see also subsection 2.2.1). Although crystal
structures for monomeric actin (G-actin) are available (Kabsch et al., 1990), a high-resolution
structure of F-actin is still missing, hampering our understanding of how disease-causing mutations
affect the function of thin muscle filaments and microfilaments (see also subsection 2.2.2). Here we
report the three-dimensional structure of F-actin at a resolution of 3.7 A in complex with tropomyosin
at a resolution of 6.5 A, determined by electron cryomicroscopy. The structure reveals that the D-loop
is ordered and acts as a central region for hydrophobic and electrostatic interactions that stabilize the
F-actin filament. We clearly identify map density corresponding to ADP and Mg?" and explain the
possible effect of prominent disease-causing mutants. A comparison of F-actin with G-actin reveals the
conformational changes during filament formation and identifies the D-loop as their key mediator. We
also confirm that negatively charged tropomyosin interacts with a positively charged groove on F-
actin. Comparison of the position of tropomyosin in F-actin—tropomyosin with its position in our

previously determined F-actin—tropomyosin—myosin structure (Behrmann et al., 2012a) reveals a
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myosin-induced transition of tropomyosin. Our results allow us to understand the role of individual
mutations in the genesis of actin- and tropomyosin-related diseases and will serve as a strong

foundation for the targeted development of drugs.

4.3.2 Structure of F-actin-tropomyosin
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Figure 4.10: Cryo-EM structure of F-actin decorated with tropomyosin.

a, Full cryo-EM reconstruction of F-actin (grey, with five central subunits in green and one subunit in cyan)
decorated with tropomyosin (yellow). b, Close-up view of a with the atomic and molecular model of an F-actin
subunit (cyan) and tropomyosin (yellow) and their corresponding densities, respectively. The density
corresponding to ADP is depicted in red.

To determine the structure of F-actin is inherently difficult because of its flexibility and its resistance
to crystallization. Therefore, the only structural models of F-actin so far have been determined either
from medium-resolution electron cryomicroscopy (cryo-EM) maps (Fujii et al., 2010; Galkin et al.,
2010; Holmes et al., 1990; Murakami et al., 2010; Sousa et al., 2013) or by interpreting X-ray fibre
diffraction data (Oda et al., 2009), which has certain limitations (see also subsection 2.2.2). Using a
direct electron detector and drift correction and by improving the image processing of helical
specimens (see subsection 4.3.8), we have determined the structure of F-actin in complex with
tropomyosin at an average resolution of 3.7 A for F-actin and 6.5 A for tropomyosin using cryo-EM
(Figure 4.10a, Figure 4.11).
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Figure 4.11: Micrograph and 2D-classification of the cryo-EM dataset.

a, b, Representative digital micrograph and corresponding representative 2D class averages of F-actin decorated

with tropomyosin in amorphous ice (in total 300 class averages of randomly chosen 40,000 phase-flipped segments

of in total 109,242 segments from 689 images). Scale bars, 50 nm (a) and 10 nm (b).
During refinement the helical parameters - that is, the rise per subunit and the azimuthal rotation -
were estimated to be 27.5 A and 166.4 ° , respectively (see subsection 4.3.8). The side-chain densities of
most actin residues were clearly resolved and allowed us to build an atomic model of F-actin (Figure
4.10b, Figure 4.12). The first four residues of the amino terminus and the last four residues of the
carboxy terminus were not resolved (Figure 4.23 in subsection 4.3.8), indicating that these regions are
disordered in the filament. However, we could clearly identify map density corresponding to ADP and
the coordinated cation, which is most probably Mg*" (Figure 4.10b, Figure 4.12a).
The overall organization of F-actin is similar to that described in previous structures and models (Fujii
et al., 2010; Oda et al., 2009). However, given the superior resolution of our structure, we could clearly
identify many salt bridges and therefore directly reveal intra- and intermolecular interactions of the F-
actin filament in detail (Table A6.1).
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Figure 4.12: Representative regions and resolution of the F-actin cryo-EM map.

a-c, Close-ups and overview of the atomic model of an F-actin subunit rainbow-coloured from the N terminus
(blue) to the C terminus (red). Amino acids, ADP and the coordinated cation, probably Mg?", are depicted
inside their corresponding map densities. ADP is well resolved in the o-helical nucleotide binding cleft (a).
Interface between the D-loop (SD2) and the SD3 of the adjacent actin subunit (b). Beside a-helices (a), B-sheets
(b) are well defined in our reconstruction. d, FSC curves of different areas of interest (green) by masking (see
subsection 4.3.8). The resolution of tropomyosin was estimated using the twice down-sampled data set (2.24 A
per pixel). The FSCos criterion indicates that the tropomyosin density map has a resolution of 6.5 A. The
resolution of the final F-actin density map is estimated at a resolution of 3.7 A.

4.3.3 Intra- and Interstrand contacts of the F-actin filament

F-actin is composed of two long-pitch helical strands. Interactions between actin subunits of the same
strand and the opposing strand - the so-called intrastrand and interstrand interactions, respectively -
stabilize the F-actin filament (Figure 4.13, Figure 4.14, Figure A6.1 and Table A6.1). Intrastrand
contacts are mediated by subdomains SD2 and SD4 of one actin subunit with the SD3 of the adjacent
actin subunit of the same strand (Figure 4.13a, b). Besides several salt bridges between the edges of
SD4 and SD3 (Figure 4.13b), the major site of interstrand interaction is between the D-loop and the
bottom of the beta-sheet of SD3 (Figure 4.13c—f, Figure 4.14). The D-loop encloses tyrosine 169 of the
neighbouring subunit, resembling a lock-and-key interaction (Figure 4.13c). In addition, adjacent
residues fit snugly into the groove formed by regions next to the D-loop around isoleucine 64 (Figure
4.13d) and a prominent hydrophobic patch in the D-loop interacts with a hydrophobic groove on the
neighbouring F-actin subunit (Figure 4.13e, f). Thus, the intrastrand interface at this position is large
and is stabilized not only by electrostatic and hydrophobic interactions but also by geometric surface

complementarity. As expected, mutations at this site (which, for instance, induce charges at
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hydrophobic interfaces) hamper F-actin polymerization and stability (Figure 4.14) and can lead to
different forms of nemaline myopathy (Gordon et al., 2000; Laing et al., 2009; Table A6.1).

Figure 4.13: Filament stability by intrastrand and interstrand interactions.

a—f, Neighbouring F-actin subunits stabilize the F-actin filament by interaction through salt bridges (a, b) and
by hydrophobic interactions (c-f). The central F-actin subunit is depicted in cyan, and adjacent subunits are
shown in shades of green. Surfaces are coloured from high (yellow) to low (white) hydrophobicity. Interactions
between amino acids are highlighted with dotted lines. a, Interstrand and intrastrand salt bridges of three actin
subunits involving the plug. b, Several intrastrand salt bridges at the actin—-actin interface. c-f, Front view (c,
e), back view (d) and side view (f) of the D-loop interacting with the SD3 of the neighbouring intrastrand F-
actin subunit. The D-loop wraps around Y169 of the neighbouring subunit and other residues snugly fit into the
groove formed by regions adjacent to the D-loop (c, d), resembling a lock-and-key interaction. In addition, a
prominent hydrophobic patch in the D-loop interacts with a hydrophobic groove on the neighbouring F-actin
subunit (e, f).

4.3.4 The D-loop and its key function for the filament stability

In contrast to most G-actin structural models, in which the D-loop is not resolved owing to its high
flexibility, the D-loop is well defined in our structure (Figure 4.12b), corroborating its importance in
mediating actin—actin interaction. It also contrasts with results of medium-resolution cryo-EM data
(Galkin et al., 2010) and disulphide cross-linking studies (Oztug Durer et al., 2010) that suggested the
presence of multiple D-loop conformational states. In addition, these and other studies (Crosbie et al.,
1994; Strzelecka-Golaszewska et al., 1995) suggested a close interaction of the D-loop with the C
terminus of actin. Although the C terminus is located next to the D-loop, it is not resolved in the
cryo-EM density (Figure 4.23b in subsection 4.3.8), indicating that the interaction between these two
regions is either transient or structurally flexible.

Our structural determination also gives a possible explanation for the recently described F-actin
disassembly by Mical, a multidomain cytosolic actin regulator (Hung et al., 2010) Mical post-
translationally oxidizesmethionine 44 within the D-loop of actin (Hung et al., 2011), leading to the less

flexible and more hydrophilic sulfoxide. The increased polarity could lead to a weakening of the
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hydrophobic actin—actin interaction (Figure 4.14c) and consequently to a Mical-induced disassembly of

the F-actin filament.

a, Overview of the D-loop bound to the hydrophobic cleft in SD3 of the F-actin molecule on top. Surfaces and
residues are coloured from high (yellow) to low (white) hydrophobicity. b, Involved hydrophobic residues of the
D-loop. ¢, d, Modifications in the D-loop, like oxidation of methionine 44 (d) or mutations of methionine 44 and
glycine 46 (M44T, G46G; Hung et al., 2011; Laing et al., 2009) (e) change the polarity or insert charges and
consequently weaken the hydrophobic interactions. Thus, this destabilization of the intrastrand contact is

connected to anomalous actin filament assembly and nemaline myopathies.

The F-actin structure confirms that the so-called hydrophobic plug (Holmes et al., 1990) connects
three F-actin subunits with each other (Figure 4.13a). However, as suggested previously (Fujii et al.,
2010), this interstrand interaction is formed by salt bridges (Figure 4.13a), not by hydrophobic
interactions (Figure A6.la-e). A large part of the plug is negatively charged on the surface,
electrostatically interacting with a positively charged patch on the opposing actin, with histidine 173
and lysine 284 at its centre (Figure A6.1c-e). Another possible salt bridge connects two neighbouring
actins at lysine 113 of SD1 and glutamate 195 of SD4 (Figure A6.1f). However, the interface at this
position is quite small and not surrounded by other prominent electrostatic or hydrophobic
interactions. In general, the two strands of F-actin are held together by only a few contacts, and a
large empty space is maintained between the strands. This is probably an important requisite for the

flexibility of F-actin filaments.

4.3.5 G- to F-actin transition

As previously described ((Fujii et al., 2010; Holmes et al., 1990; Oda et al., 2009), F-actin is more
flattened than is G-actin because of a rotation of SD1 and particularly SD2 (Figure 4.15a). New salt
bridges between SD1, SD4 and SD2 stabilize the new interface between the opposing subdomains at
the nucleotide binding cleft (Figure 4.15b—f and Table A6.2).

Nucleotide binding and hydrolysis

The coordination of ADP and the divalent cation in the nucleotide binding cleft by nearby residues is
very similar to that in G-actin (Figure 4.15b, Figure A6.2a). However, glutamine 137, which has been
shown to play a central role in ATP hydrolysis (Iwasa et al., 2008) , is clearly moved closer to ADP,
coordinating not only the cation (as in G-actin) but also the nucleotide beta-phosphate (Figure A6.2b,
c¢). Interestingly, the presence of ATP instead of ADP in the nucleotide-binding site would be
sterically unfavourable (Figure A6.2¢), suggesting that a different intermediate conformation exists for
F-actin-ATP. High-resolution crystal structures of non-vertebrate actin showed that glutamine 137

positions the nucleophilic water that attacks the gamma-phosphate of ATP (Vorobiev et al., 2003).
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Therefore, as previously suggested (Oda et al., 2009), the shorter distance of glutamine 137 to gamma-
phosphate probably induces ATP hydrolysis and then afterwards the cation takes the position of the
gamma-phosphate in the finally resulting ADP-binding-state (Figure A6.2d). A mutation of
glutamine 137 connected to nemaline myopathy (Koy et al., 2007) further highlights the importance of
this residue in the proper function of F-actin (Figure A6.2¢).

Y69

pso D81

Figure 4.15: G-actin to F-actin transition.

a, A global rotation of SD1 and SD2 leads to a flattening of G-actin (yellow) during transition to F-actin (cyan).
b, Coordination of ADP and a cation in the nucleotide binding cleft in F-actin (SD1-SD2 cyan, SD3-SD4 red).
The cation is most probably Mg21. However, Caz1 cannot be excluded as the coordinated cation because the actin
was purified in Cazi-containing buffer. c—f, The conformation of F-actin is finally stabilized by intramolecular
interactions between SD2, SD1 and SD4 (c, e). Most of the residues involved in the stabilization of the F-actin
conformation show a considerable movement during the transition between G-actin andF-actin (d, f). a, G-actin
with defined D-loop for better visualization; PDB accession code 1J6Z. c¢—f, ATP-bound G-actin; PDB accession code
3EL2.

Barbed end binding

The comparison of the structures of F-actin with that of G-actin (PDB accession codes 3EL2 and
1J6Z; Nair et al., 2008; Otterbein et al., 2001), which represent the start and end points of filament
formation, allows describing the possible conformational changes during polymerisation. Initial
intrastrand binding of G-actin to the barbed end of F-actin probably happens at the interface between
SD4 of G- and SD3 of the F-actin (Figure 4.16a). This process is accompanied by an interstrand
binding between SD4 of G-actin and SD1 of the terminal actin of F-actin (Figure 4.16b). By an
induced fit mechanism the flexible D-Loop and the other regions of SD2 then interact strongly with
SD3 at the barbed end forming the second major interface (Figure 4.16c). This results in a
straightening of SD2 and consequently of SD1, which leads to the flattening of the newly bound actin
subunit and an activation of the ATPase as described before (Figure 4.16d, e). The interstrand
contacts are less affected by the G- to F-actin transition, which suggests that the opposite strand

guides the newly binding G-actin to its position and thereby determines the symmetry of the filament.
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Figure 4.16: Model of barbed end binding and G- to F-actin transition.

a, b, Binding of new G-actin (yellow, PDB accession code 3EL2) at the barbed end of F-actin (green) is initiated
by the intrastrand binding of SD4 of G-actin to SD3 of F-actin (a, side view) and the interstrand binding of SD4
and SD1 (b, front view), respectively. G-actin is overlaid with a subunit of the structure found in F-actin (cyan).
The main interstrand contacts are already present at the start of the transition and thereby guide the binding G-
actin to its correct position, determining the symmetry of the filament. ¢, After initial binding the D-loop is
trapped in the hydrophobic cleft of SD3 of F-actin and pulls on SD2. F-actin is depicted in surface representation
(green). d, Finally, the SD2 and concomitantly SD1 are rotated and the final F-actin conformation is stabilized
by various intramolecular interactions (see Figure 4.13c—f, Figure 4.15c—f and Table A6.2). e, Owing to the
relatively large distance from the SD1 and SD2 subdomains of the newly bound G-actin to the subunit of the
opposite strand, the only influence of the opposite strand on the binding of G-actin is at the docking position of
the D-loop. The transition of R39 illustrates well the docking of the D-loop. The residue is depicted in both
states (G-actin and F-actin).

Pointed end binding

It is more difficult to explain the binding of G-actin to the pointed end of F-actin. Whereas the
differences between G- and F-actin are mainly at the upper subdomains (SD2 and SD4), the lower
subdomains (SD1 and SD3) are very similar in both conformations (Figure 4.17a-c). Thus, if the
conformation of the pointed end of F-actin and is very similar to that of G-actin, it follows that the
surfaces would be very similar at the pointed and barbed end and consequently the binding affinity for
further actins would only slightly differ. However, this is not the case. The actin-actin affinity at the
pointed end is much lower than at the barbed end (Brieher, 2013). We therefore assume that the
actins at both ends of the filament have very similar conformations resulting in different interacting
surfaces and affinities and hence propose the following mechanism. Similarly to barbed end binding,
interstrand contacts between the newly bound G-actin and F-actin exist right from the beginning
(Figure 4.17a-c). Initial intrastrand contacts are mediated by the D-Loop of F-actin at the pointed

end. Although it has the overall conformation of a central F-actin, it is still flexible and binds G-actin
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by an induced fit mechanism (Figure 4.17d). This results in a pulling of the tyrosine 169 loop of G-
actin and straightening of the central beta-sheet of SD3 (Figure 4.17e), which initiates an amplifying
domino effect by displacement of helices in SD1 (Figure 4.17e, f). Finally, SD2 rotates (Figure 4.17f)

and new interactions between SD1, SD4 and SD2 stabilize the final conformation (Figure 4.15¢-f).
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Figure 4.17: Model of pointed end binding and G- to F-actin transition.

a—c, Binding of new G-actin (yellow, PDB accession code 3EL2) at the pointed end of F-actin (green) is initiated
by initial intrastrand binding (b) of SD3 of G-actin to SD4 of F-actin at the pointed end and interstrand binding
of SD4 to SD3 (c), respectively. Again, the main interstrand contacts are available before the transition of G-
actin (yellow) to F-actin (SD1 and SD2 in cyan, SD3 and SD4 in red). d, During binding to F-actin the
transition from G-actin to F-actin is initiated by an induced fit of the F-actin D-loop to the hydrophobic cleft of
the newly bound G-actin. This leads to a pulling down of the central beta-sheet of SD3 of G-actin. e, The beta-
sheet is thereby straightened and pushes up two adjacent helices of SD1. f, The slight dislocation of these helices
is transmitted to other regions of SD1 and thereby emphasized. This leads to a global rotation of SD1, which
results in a considerable rotation of SD2 by an angle of 20" and a closure of the nucleotide binding cleft (Figure
4.15).

4.3.6 Tropomyosin position on F-actin in an Apo-state

The F-actin filaments were completely decorated by tropomyosin (Figure 4.10a, Figure 4.11).
Although tropomyosin consists of seven pseudo-repeating units, applying the helical symmetry of F-
actin for the reconstruction of the F-actin—tropomyosin complex results in a reduced resolution of
tropomyosin and the overlap region of the N and C termini is not visible in the map (see subsection
4.3.8). However, densities corresponding to the helices of the coiled-coil were well resolved (Figure
4.10) and allowed us to fit a previous chimeric model of tropomyosin derived from X-ray, nuclear
magnetic resonance and molecular dynamics simulation data (Li et al., 2011) and to determine the
register of the chains of tropomyosin. Together with the atomic resolution of F-actin, this allows us to
describe the interaction between actin and tropomyosin in greater detail and with higher accuracy

than previous studies.
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Figure 4.18: F-actin interaction with tropomyosin.

a, Structural overview of an F-actin filament (green and cyan) decorated with tropomyosin (yellow). Half of the

filament is shown in surface representation. The N and C termini of F-actin are included in this model.

b, Surface of F-actin and tropomyosin (pseudo-repeats 2-6) with the electrostatic Coulomb potentials ranging

from -10 kcal mol™ to +10 kcal mol™! at pH 7.5. Tropomyosin was rotated by 180" and shifted to the right to

allow a better view on the F-actin tropomyosin interface, which is delimited by lines drawn onto the surfaces.

The overall negatively charged tropomyosin interacts with a positively charged groove on F-actin. ¢, Several

charged residues of actin are within distances that would make it possible to interact with tropomyosin via

putative salt bridges. Different rotamers of the same residue are shown to indicate how F-actin subunits could

adjust to the surfaces of different tropomyosin pseudo-repeats.
Tropomyosin, which is mainly negatively charged on its surface, interacts with a positively charged
groove on F-actin, confirming previous predictions (Lehman et al., 2013b; Li et al., 2011; Lorenz et al.,
1995; Figure 4.18a, b and Table A6.3). In particular, lysines 326 and 328 on F-actin strongly interact
with the different pseudo-repeats of tropomyosin (Figure 4.18c). The distance between tropomyosin
and actin varies depending on the position along the filament between 38 A and 40 A. The distance
would allow for direct interactions of opposing residues (Figure 4.18c) and is similar to the distance in
the M-state (Behrmann et al., 2012a) and to what was previously suggested for the other states of
tropomyosin (Lorenz et al., 1995; Poole et al., 2006). The interactions between tropomyosin and F-
actin probably determine the position of tropomyosin on F-actin in the Apo-state (A-state), a term we
recently introduced to describe the position of tropomyosin in the absence of troponin, myosin or
Ca2+ (Lehman et al., 2013b).
The position of tropomyosin in the A-state in our structure (Figure 4.18a, Figure 4.19a) is close to
that described by Sousa et al. (Sousa et al., 2013), but differs from a previous positioning based on
negative staining data and molecular dynamics simulations (Li et al., 2011). To determine the source
of this discrepancy, we first repeated the negative staining work (Figure 4.22 in subsection 4.3.8) and
indeed reproduced the different position (Figure 4.19b). However, when we cross-linked the sample
before staining, tropomyosin was in the same position as in our cryo-EM structure (Figure 4.19c-f,
Figure 4.22 in subsection 4.3.8). This shows that negative staining rather than cryo-preparation results
in a change of the tropomyosin position on F-actin. The relatively low pH of the stain (pH 4) probably
induces repulsions at the F-actin—tropomyosin interface and forces tropomyosin to change its position
(Figure 4.19g). In any case, the change in position depending on preparative conditions confirms the
striking ability of tropomyosin to translocate azimuthally across the actin filament at low energy cost
(Lehman et al., 2013b).
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Figure 4.19: Comparison of reconstructions regarding the tropomyosin position on F-actin.

a—d, Reconstructions of F-actin decorated with tropomyosin calculated from: the cryo-EM data set filtered to
15 A (a), from a negatively stained data set (b), from a negatively stained data set after cross-linking with
glutardialdehyde (c), and from negatively stained bare F-actin (d). e, By calculating a difference map between
tropomyosin-bare F-actin (blue) and glutardialdehyde—bare F-actin (green), differences in the tropomyosin
position on bare F-actin (grey) are visualized. f, Overlay of difference maps showing that the position of
tropomyosin in the cryo-EM reconstruction (yellow) corresponds to the tropomyosin position of the negatively
stained data set with the cross-linked complex (green). g, Surface of F-actin and tropomyosin (pseudo-repeats 2-
-6) with the electrostatic Coulomb potentials at pH 7.5 and pH 4, ranging from -10 kcal mol” (red) to +10 kcal
mol™ (blue) (see also Figure 4.18b). Tropomyosin was rotated by 180 ° and shifted to the right to allow a better
view of the F-actin—tropomyosin interface. Difference maps of the glutardialdehyde—bare F-actin and the
tropomyosin-bare F-actin map are shown on the F-actin surface at pH 7.5 (left) and pH 4.0 (middle),
respectively.

4.3.7 Model of tropomyosin transition by myosin binding
In comparison to the previously assumed position of tropomyosin in the A-state, the new position

blocks only minor regions of the myosin binding site on F-actin. This supports our previous model of

myosin binding to actin filaments in the absence of troponin (Behrmann et al., 2012a) even more
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strongly. If the current position of tropomyosin is the default state for tropomyosin, then only loop 4
and the cardiomyopathy loop of myosin would be sterically hindered from binding to the F-actin
filament (Figure 4.20a-d) and probably allows for a weak binding of myosin, especially with its lower
50-kDa domain. Actin induced cleft closure of myosin would then move tropomyosin to its M-state

(Behrmann et al., 2012a; Figure 4.20b-g).

M-state
Weak myosin binding-state

Figure 4.20: Tropomyosin transition on F-actin induced by myosin binding.

a, Cryo-EM structure of the F-actin—tropomyosin complex with tropomyosin in the A-state. Tropomyosin
(yellow, A-state), F-actin (green). b—d, Initial weak binding of myosin (magenta, PDB accession code 1LKX) to
the F-actin—tropomyosin filament in the absence of troponin. Most of the myosin binding sites on F-actin are not
occupied by tropomyosin and only loop 4 and the cardiomyopathy loop are sterically hindered from binding to
the F-actin filament (b). Actin-induced closure of the 50-kDa cleft of myosin (c) results in a strong binding of
myosin and tropomyosin moves to its M-state position (blue) (d). e-g, F-actin-tropomyosin-myosin complex in
the rigor state (PDB accession code 4A7H). Myosin is shown in red.

Comparing the position of tropomyosin in the new A-state with the M-state (Figure 4.21a), we find

two possible transitions between the states. Either tropomyosin rolls on the F-actin filament by an
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azimuthal rotation of about 16 ° and a left-handed rotation of about 70" or a right-handed rotation of
about 110 ° along its own axis (Figure 4.21b, ¢) or tropomyosin shifts by about 37 A (half the length
of a pseudo-repeat) along the actin filament (Figure 4.21d, e) or a mixture of the two effects occurs.
The distance of tropomyosin to the filament axis of F-actin is not altered during the transition.
Gestalt-binding and rigidity of tropomyosin (Holmes and Lehman, 2008) support a shifting
mechanism, whereas the spatial limitations inside the sarcomere make a shift of 37 A rather unlikely.
However, direct localization of the N/C-terminal overlap of tropomyosin will be needed to discriminate

between the two possibilities.

Rolling transition Shifting transition

Figure 4.21: Model of tropomyosin transition on F-actin during myosin binding.

a—e, There are two possible ways for the transition of tropomyosin from the A-state to the M-state.
Tropomyosin either rolls (b, c¢) or slides (d, e) from one to the other position. Rolling would involve an
azimuthal rotation of 16° with respect to the F-actin axis (inset of ¢) and a left-handed rotation of 70°
(indicated by solid arrows) or a right-handed rotation of 110° (indicated by dotted arrows) with respect to its
own axis (b, ¢). Sliding would imply not only an azimuthal shift of 12 A (indicated by white arrows in d), but
also a tremendous shift of a half tropomyosin repeat (that is 35 A) along the F-actin filament (d, e). The radius
to the filament axis would be preserved in both situations. The inset of e depicts the vectors for a shifting
transition of tropomyosin: an azimuthal and longitudinal shift of 12 A and 35 A, resulting in an overall shift of

37 A.

In summary, the structure of the F-actin-tropomyosin complex shows how F-actin filaments are
stabilized in health and destabilized in certain diseases. Our results provide the structural framework
for further experiments towards resolving the molecular details of actin polymerization and its

interaction with actin-regulating proteins such as tropomyosin.
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4.3.8 Applied methods

Protein expression and purification (see also section 3.1 in Material and Methods)

F-actin was isolated from rabbit skeletal muscle acetone powder and purified with several
polymerization and depolymerization steps as described previously (Pardee and Spudich, 1982). The
composition of the G-actin buffer was 5 mM Tris pH 7.5, 1 mM DTT, 0.2 mM CaCl,. Recombinant a-
tropomyosin (Mus musculus, alpha-1 chain, Uniprot-ID P58771) with an alanine-serine extension was
purified from Escherichia coli, based on the protocol of Coulton et al. (Coulton et al., 2006). The a-
tropomyosin isoform we used is abundant in smooth and striated muscles. The actin—tropomyosin
complex was prepared by mixing F-actin with tropomyosin initially at a molar ratio of 7:1 in filament
buffer (5 mM Tris-HCI pH 7.5, 1 mM DTT, 100 mM KCl, and 2 mM MgCly). The final concentration
of tropomyosin for either negatively stained or frozen specimens was then adjusted empirically to
obtain complete decoration and only few unbound tropomyosins in the background. For the cross-
linking studies between F-actin and tropomyosin, samples were prepared in filament buffer containing
5 mM HEPES (pH 7.5).

Preparation for negative staining EM (see also subsection 3.2.1 in Material and Methods)

To stabilize and straighten the F-actin filaments (this is important for image processing), we decorated
them with tropomyosin. Actin-tropomyosin complexes were directly prepared before the negative
staining procedure. 4 ml of sample was applied on a freshly glow-discharged copper grid (Agar
Scientific; G2400C) with an additional thin and continuous carbon film. After incubation for 60 s on
the grid the sample was blotted using filter paper (Whatman no. 4), washed twice with filament buffer
and stained with 0.75 % uranyl formate (pH 4.0) for 30 s. For cross-linking studies, after incubation
for 60 s of the sample solution on the grid and one washing step, a droplet of filament buffer with
0.25 % glutardialdehyde was applied for 30 min on the grid before negative staining to avoid putative
pH-induced artefacts. All images were taken with a JEOL JEM-1400 electron microscope equipped
with a LaBBg cathode at an operation voltage of 120 kV. Micrographs were recorded manually with a
4,000 x 4,000 pixel CMOS TemCam F416 (TVIPS) camera under minimal dose conditions.

Image processing of negatively stained filaments (see also section 3.4 in Material and
Methods)

All micrographs had a pixel size of 2.32 A per pixel and filaments were boxed with a boxing distance
of 13 pixels (overlap ~ 90%) and a total box size of 128 pixels. We analysed 8,371 segments from
40 images of bare F-actin, 27,926 segments from 111 images of F-actin decorated with tropomyosin,
and 27,011 segments from 81 images of F-actin decorated with tropomyosin and cross-linked with
glutardialdehyde. Subsequently, all segment stacks were aligned and classified independently using
reference-free alignment and k-means classification procedures as implemented in SPARX (Hohn et al.,
2007; Figure 4.22). During the helical refinement and reconstruction using the HELICON package
implemented in SPARX, a cylinder filled with Gaussian noise was used as an initial three-dimensional
template. The position of tropomyosin was determined in the resulting three-dimensional maps. The
difference maps of tropomyosin-bare F-actin and glutardialdehyde-bare F-actin were calculated with

the ‘vop subtract’ command in Chimera (Pettersen et al., 2004; Figure 4.19¢—g).
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Figure 4.22: Micrographs and two-dimensional classification with negative staining EM.

a—f, Representative digital micrographs and corresponding representative two-dimensional class averages of F-
actin decorated with tropomyosin negatively stained (in total 300 class averages of 27,926 segments from 111
images) (a, b), negatively stained after cross-linking with glutardialdehyde (in total 300 class averages of 27,011
segments from 81 images) (c, d), and a micrograph of negatively stained bare F-actin (in total 100 class averages
of 8,371 segments from 40 images) (e, f). Scale bars, 50 nm. Each class average 70-90 single segments. Scale bars,
10nm. Insets in a, d and e show magnified regions of the digital micrographs. g, Comparison of representative
class averages of the three negatively stained data sets. Class averages of the data sets with tropomyosin (top
panels) show additional density and a larger diameter than bare F-actin (bottom panel). Scale bar, 10 nm.

Grid preparation and image acquisition for cryo-EM (see also subsection 3.2.2 in

Material and Methods)

A 1.5 ml sample was applied to a glow-discharged holey carbon grid (C-flats 2/1, Protochips),
incubated for 10 s and manually blotted for 3 s from the backside with filter paper (Whatman no. 5),
before vitrification by plunging the grid into liquid ethane using a cryo plunger Cp3 (Gatan).
Screening for the best sample and blotting conditions was performed on a JEOL JEM 3200FSC
electron microscope equipped with a field emission gun and operated at a voltage of 200 kV. The
omega in-column energy filter of the microscope was used to estimate the best ice conditions (~ 40-
60 nm thickness). Finally, a data set was taken with a spherical-aberration corrected FEI Titan Krios
transmission electron microscope equipped with an extra-high brightness field emission gun (XFEG)
and operated at a voltage of 300 kV. Images were recorded with a back thinned 4k x 4k FEI Falcon 2
direct detection camera under minimal dose conditions using the automatic data collection software
EPU (FEI). Within each selected grid-hole, three different positions were imaged, each with a total
exposure of 1 s and a frame time of 55 ms. Seven frames from 85 ms to 475 ms with a total dose of
14.6 electrons per A?and one total average with an electron dose of 30.7 electrons per A% were used for
image processing. The defocus range of the data set was 0.8-2.6 ym. The pixel size was 1.14 A per
pixel, based on the reflection of gold at the same magnification. Since the inaccuracy of pixel size

determination is about 2 % with this method, we used the well-defined rise per subunit of F-actin
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(27.6 A) from fibre diffraction studies (Dominguez and Holmes, 2011; Oda et al., 2009) instead to
calibrate the pixel size, which was then 1.12 A per pixel.

Image processing of the cryo-EM data set (see also section 3.4 in Material and Methods)

As a first quality control, all 1,311 frame averages were manually inspected and only 689 images with
high filament and ice quality (Figure 4.11a) were used for further processing. Frames were aligned and
afterwards summed up using motion correction (Li et al., 2013a). Filaments were manually selected
with helixboxer in SPARX. A total of 109,242 segments from 7,854 filaments were extracted with a
box size of 256 pixels and a boxing distance of 29 pixels (overlap ~ 90 %). Thus, the approximate
distance between them (~ 32 A) slightly exceeded the rise of the helical assembly of actin (~ 27-28 A),
as required by the helicon design. The defocus and astigmatism and the accuracy of both were
determined by cter in SPARX (Penczek et al., 2014). All segments were aligned and classified using
reference-free alignment and k-means classification procedures implemented in SPARX (Figure 4.11b).
For the initial reconstruction, the data set was binned twice to a pixel size of 2.24 A and a box size of
128 pixels. We used a cylinder filled with Gaussian noise as a three-dimensional initial template for the
helical refinement and reconstruction in helicon. After adjusting the pixel size as described above, the
helical symmetry parameters converged to a rise per subunit of 27.5 A and an azimuthal rotation of
166.4 ° . Initially, the entire F-actin—tropomyosin map was used as the reference during the first rounds
of refinement, using the helical symmetry parameters of F-actin. However, tropomyosin spans over
seven actin subunits and therefore has a symmetry different to that of actin. Nevertheless, because it
is divided into seven pseudo-repeating units, each of which binds to a successive actin subunit along F-
actin, the symmetry of F-actin could be used for reconstructions of actin-tropomyosin complexes of up
to 6 A resolution, accepting that the overlap region of the N and C termini of tropomyosin would not
be discernible in these maps. Once the refined map reached a resolution of 6.5 A, as determined by the
FSCO0.5 criterion (Penczek, 2010c), we masked out tropomyosin in the reference volume before
continuing with high-resolution refinements of F-actin. In the last refinement iteration, we used only
filaments derived from summed up frames with a drift of less than 7 A, as estimated in the motion
correction step and with a sufficient content of high-resolution information, as determined by cter in
SPARX. This yielded a subset of 74,228 segments for the final map, which corresponded to
~120,000 asymmetric subunits. The segments’ statistics are given in (Table A6.4). Since an electron
microscope map of a filament is truncated at the edges of the cubic volume of the box (here 256
voxels), a mask with Gaussian edges must be applied for resolution estimation to minimize artefacts.
Therefore, Fourier shell correlation (FSC) analysis was performed within the central area of the
volume, resulting in a nominal resolution of 3.7 A (FSCos criterion) for the F-actin cryo-EM density
map (Figure 4.12d). The map of F-actin was then sharpened using a negative b factor of -50 A?and
filtered to its nominal resolution. Finally, the tropomyosin map filtered to 6.5 A was merged with the

final F-actin map to obtain a map of the entire F-actin-tropomyosin complex.

Model building and refinement of F-actin (see also section 3.5 in Material and Methods)

The central F-actin subunit (chain A) shows all available contacts to adjacent chains (B, C, D, E) and
was therefore used for further structural analysis. In a first step, five central subunits (chains A-F) of
an F-actin model (PDB accession code 4A7N) were rigid-body fitted into the electron microscope map,
using ‘Fit in Map’ and the map was initially segmented with ‘Split Map’ in Chimera (Pintilie et al.,
2010). Homology modelling was performed using MODELLER (Sali and Blundell, 1993) and the
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resulting model of the central subunit was then flexibly fitted into its corresponding part of the
density using DireX (Wang and Schréder, 2012). Finally, the flexibly fitted subunit was used to create
a starting F-actin model of five adjacent subunits (hereafter referred to as the ‘pentamer’) for further
model building. The cryo-EM density was converted to structure factors with the CCP4 program suite
(Winn et al., 2011). The model and the map were then used for real space refinement and model
building in COOT (Emsley et al., 2010). After a single iteration of model building of the central F-
actin subunit, its part of the map was further used for an initial automatic reciprocal space refinement
using PHENIX refine (Adams et al., 2011). Since this part was less well resolved in the N and C
terminus, and model building was difficult for a part of the D-loop, we deleted amino acids 1-4, 42-50
and 372-375 from the model. Owing to the high reliability of the experimental phases of the cryo-EM
map, we were able to apply experimental phase restraints during refinement in PHENIX. After
refinement the output model was again manually refined in COOT using the original cryo-EM map to
minimize model bias. Rebuilding of the N or C terminus was not possible even in the refined map
(Figure 4.23). However, after refinement in PHENIX the definition of the D-loop improved, so

ultimately it could be manually rebuilt ab initio.

B-factor

B 100

Figure 4.23: B-factor distribution and not resolved N and C termini.

a, Surfaces of F-actin with B-factors (high is red, low is blue) estimated by the reciprocal space refinement in
PHENIX. A side view as well as top views on the inward- and outward-facing surfaces, that is, facing the
adjacent F-actin subunit inside the filament and oriented to the periphery, respectively, are shown. b, c,
Putative structures of the C and N termini (cyan). Map density is missing in these regions.

After refinement of the subunit had converged and model building was completed, the resulting
subunit was used to assemble the F-actin pentamer and the respective full map of the central
pentamer was then segmented. The molecular model and the respective original density were then
used as input for PHENIX.refine. Again, we alternated manual model building and refinement steps.
Finally, the resulting model was validated using MOLPROBITY (Chen et al., 2010; see data statistics
in Table A6.4). For further structural analysis we used the final model and the cryo-EM map of the

actin pentamer.

86



Results & Discussion

Structure analysis and visualization (see also section 3.5 in Material and Methods)

To describe the interaction between F-actin and tropomyosin, a chimaeric molecular model of
tropomyosin (Li et al., 2014) was initially rigid body fitted into the cryo-EM density of F-actin—
tropomyosin. Subsequently, the respective density of tropomyosin was extracted as described above
using Chimera. The molecular model of tropomyosin was then flexibly fitted into the resulting density
using DireX. Furthermore, during flexible fitting, in order to preserve its electrostatically preferred
position on F-actin we fixed tropomyosin in its vertical position on the filament. Atomic clashes and
stereochemistry were repaired using PHENIX.geometry minimization (Adams et al., 2011). Since the
tropomyosin N/C-terminal overlap is not fully understood (Lehman et al., 2013a), we reduced the
model to the five central pseudo-repeats. Owing to the limited resolution of the cryo-EM density in the
region of tropomyosin, we avoided interpretation of tropomyosin on the single-amino-acid level.

We used the refined actin pentamer and the modelled tropomyosin to reconstruct a full filament for
visualization of the actin—tropomyosin interaction (Figure 4.18). The filament was protonated using
H++ (Anandakrishnan et al., 2012) at different pH values and the electrostatic coulomb potential of
the filament surface was calculated to range from -10 kcal mol-1 to +10 kcal mol-1 in Chimera (Figure
4.18b, Figure 4.19g). For visualization of the hydrophobicity per amino acid residue, we used ‘Define
attribute’ in Chimera and generated amino-acid-specific scores (Hessa et al., 2005). Point mutations
were introduced via COOT or Chimera to show charge-induced repulsions and changes in
hydrophobicity. The HGMD library was browsed to find mutations in regions of interest (Stenson et
al., 2014).

For detailed analyses of intra- and intermolecular interactions in F-actin, we applied PISA tools
(Krissinel and Henrick, 2007) and distance measurements in Chimera. The G- to F-actin transition
within a monomer/subunit was visualized and interpreted with the ‘Morph Conformations’ in
Chimera. Furthermore, the hinge region and the global rotation angle were detected with the DynDom
Sever (Hayward and Lee, 2002) using an atomic model of G-actin (PDB accession code 1J6Z
(Otterbein et al., 2001)) and one subunit of our F-actin model (Figure 4.15, Figure 4.16, Figure 4.17).
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4.4  Structure a human cytoplasmic actomyosin

complex

This section was original published in Nature in 2016 as:

von der Ecken J., Heissler S.M, Pathan-Chhatbar S., Manstein D.J., and Raunser S. (2016): Cryo-EM

structure of a human cytoplasmic actomyosin complex at near-atomic resolution. Nature 534, 724-728.
Online version: http://www.nature.com/nature/journal/v534/n7609/full /nature18295.html

The manuscript was submitted on the 16" of February 2016 and was accepted on 29" of April of the
same year after undergoing a peer review procedure. It was published online on the 20* of June 2016
and available in the printed journal on the 30" of the same month.

The original publication was reformatted to the format of the thesis (e.g. text font, figure numbering).
Some extended data figures were moved to the main text, party split or combined to improve the
quality of reading, respectively. Respective references to other chapters or sections are inserted. Some
figures and tables were moved to the Appendix. Subsection 4.4.11 gives an overview on the methods in
the publication. More generalized and optimized protocols are given in Material and Methods and
sections 4.1 of this chapter, respectively. Supplementary videos are not included in this thesis but can

be downloaded from the online version of the paper (von der Ecken et al., 2016).

4.4.1 Abstract

The interaction of myosin with actin filaments is the central feature of muscle contraction (Huxley,
1969) and cargo movement along actin filaments of the cytoskeleton (Heissler and Manstein, 2012).
The energy for these movements is generated during a complex mechanochemical reaction cycle (Lymn
and Taylor, 1971; Sweeney and Houdusse, 2010a; see also subsection 2.2.1). Crystal structures of
myosin in different states have provided important structural insights into the myosin motor cycle
when myosin is detached from F-actin (Coureux et al., 2004; Gulick et al., 1997; Llinas et al., 2015).
The difficulty of obtaining diffracting crystals, however, has prevented structure determination by
crystallography of actomyosin complexes. Thus, although structural models exist of F-actin in complex
with various myosins (Behrmann et al., 2012a; Holmes et al., 2003; Lorenz and Holmes, 2010;
Rayment et al., 1993a), a high- resolution structure of the F-actin—-myosin complex is missing (see also
subsection 2.2.2). Here, using electron cryomicroscopy, we present the structure of a human rigor
actomyosin complex at an average resolution of 3.9 A. The structure reveals details of the actomyosin
interface, which is mainly stabilized by hydrophobic interactions. The negatively charged amino (N)
terminus of actin interacts with a conserved basic motif in loop 2 of myosin, promoting cleft closure in
myosin. Surprisingly, the overall structure of myosin is similar to rigor-like myosin structures in the
absence of F-actin, indicating that F-actin binding induces only minimal conformational changes in
myosin. A comparison with pre-powerstroke and intermediate (Pi-release; Llinas et al., 2015) states of
myosin allows us to discuss the general mechanism of myosin binding to F-actin. Our results serve as a
strong foundation for the molecular understanding of cytoskeletal diseases, such as autosomal
dominant hearing loss and diseases affecting skeletal and cardiac muscles, in particular nemaline

myopathy and hypertrophic cardiomyopathy.
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4.4.2 Structure of the ATM complex

Figure 4.24: Structure and model of the ATM complex.

a, Cryo-EM reconstruction of F-actin (five central subunits in green and cyan) decorated with tropomyosin
(blue) and myosin (central molecules in red). The peripheral densities (shown in grey) and tropomyosin were
low- pass filtered and symmetrized for better visualization. b, Subdomain organization of F-actin and myosin
head region. The closed actin- binding cleft between L50 (red) and U50 (dark red) domains is indicated with a
dotted line. ¢, d, Front and back views of the F-actin—myosin interface. Involved structural parts of myosin are
highlighted in red. For all figures and videos, we use a general colour code for each protein and state, if not
labelled differently. The central F-actin subunit is shown in cyan (M-state) and yellow (A-state); surrounding F-
actin subunits are depicted in green (M-state) and in darker yellow (A-state); rigor state myosin (red), Pi-release
state myosin (blue) and PPS state myosin (purple). Less relevant parts of models or densities in respective
figures are depicted in grey or faded out.

Using electron cryomicroscopy (cryo-EM) and single-particle-based analysis of helical specimens
(subsection 4.4.11), we determined the structure a human actomyosin—tropomyosin (ATM) complex,
composed of the motor domain of non-muscular myosin-2C (NM-2C), cytoplasmic yl-F-actin and
cytoplasmic tropomyosin 3.1 (Figure 4.24, Figure 4.25 and subsection 4.4.11). We also reprocessed our
previous F-actin—tropomyosin data set (von der Ecken et al., 2015) and obtained an improved
reconstruction at 3.6 A resolution (Figure 4.36a in subsection 4.4.11). The density of tropomyosin did
not improve in both data sets and is limited to ~7 A as described previously (von der Ecken et al.,
(2015) and section 4.3).

The ATM structure reveals that myosin interacts intimately with F-actin (Figure 4.24a). The overall
organization of the ATM complex is similar to that described in our previous structure of the complex
between Dictyostelium discoideum myosin-IE, skeletal a-F-actin and o-tropomyosin (Behrmann et al.,
2012a). However, given the superior resolution of our present structure, we could clearly identify large
side chains and therefore reveal most intermolecular interactions between F-actin and myosin in detail.
The large interface between the two proteins is formed mainly between the helix—loop—helix (HLH)
motif and surface loops of myosin (CM-loop, loop 2, loop 3, loop 4, and ‘activation’ loop; Varkuti et
al., 2012) and the subdomain (SD) 1 and 2 of one actin subunit and SD2 (D-loop) of the adjacent
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actin subunit as previously predicted (Behrmann et al., 2012a; Holmes et al., 2003; Rayment et al.,
1993a; Figure 4.24b-d).

F-actin filament core F-actin-myosin interface Myosin outer region
-sheet and helices in elix-loop-helix an 1 entral transducer
B-sheet and heli in SD3 Helix-I heli d SD Central t dl

(higher than average resolution) (average resolution) (lower than average resolution)

(Viewed from filament axis, ) (Viewed from F-actin) (Myosin rainbow colored)
actin rainbow colored)

Figure 4.25: Resolution range of the density map.

a-c, Representative regions with higher than the average resolution (~3.5 A) in the F-actin filament core (a), the
average resolution of 3.9 A at the interface (b) and lower resolution (~ 4 - 5 A) in outer myosin parts (c).

Tpm3.1, which is resolved to ~7 A, is in the same position as skeletal muscle tropomyosin 1.1
(Tpml.1) in our previous structure, namely the M-state (Behrmann et al., 2012a), interacting with
loop 4 of myosin and SD3 of actin (Figure 4.24b, ¢, Figure 4.27a). Interestingly, although Tpm3.1 is
shorter (stretching over six actin subunits) than Tpml.l (stretching over seven actin subunits), the
pitch of the coiled-coil structure is equivalent. Tpm3.1, which is mainly negatively charged on its
surface, interacts with arginine 384 of loop 4, indicating electrostatic interactions (Figure 4.27a). In
addition, the negatively charged residue D387 on loop 4 (N377-D393) interacts with a positively
charged region on F-actin (K325, K327) (Figure 4.27b). Notably, in the absence of myosin, these actin

residues directly interact with tropomyosin (A-state; von der Ecken et al., 2015).

4.4.3 Helix-loop-helix motif as the key binding region

The HLH motif (L550-E575) in the lower 50-kDa (L50) domain of NM-2C plays an essential role in
strong binding of myosin to F-actin (Figure 4.24c, d, Figure 4.26, Figure 4.27c, d). It enters a
hydrophobic groove on actin that is formed between two adjacent actin subunits comprising SD1 and
SD3 of one and the D-loop (R38-V53) of the adjacent subunit. In particular, the hydrophobic loop of
the HLH motif interacts with the hydrophobic groove and F560 is completely immersed into a
hydrophobic cavity resembling a lock-and-key interaction (Figure 4.26a-d, Figure 4.27d). The key role
of F560 for the actomyosin interaction has also been shown by mutational analyses in which a F560A
mutation resulted in a complete disruption of motility, whereas alanine mutants of the directly
adjacent W559 and P561 showed only one-tenth the motility compared with wild type (Onishi et al.,
2006). Interestingly, compared with its position in the pre-powerstroke (PPS) state the loop is the only
part of the HLH motif that alters its position upon actin binding, stressing its important role in the
actin-myosin interaction (Figure 4.26a, c).

In addition to the hydrophobic contacts, there are also two electrostatic interactions that stabilize the
HLH motif binding to F-actin. E570 probably forms a salt bridge with K49 of the D-loop and E556
interacts with the backbone of S349 and T350 in SD1 of F-actin (Figure 4.26b, e, andFigure 4.27c).

Both residues are part of a highly conserved acidic patch in several myosin classes (Figure 4.26e,
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Figure A6.3), and a single point mutation (E556Q) in myosin results in a tenfold reduced F-actin

binding affinity (Furch et al., 2000).

loop-helix‘

Figure 4.26: Helix-loop-helix motif bound to F-actin.

a, Front view of F-actin and the HLH motif of the L50 domain of myosin show only small changes in loop regions
while helices do not alter between weak (PPS state in purple, PDB accession number 5I4E) and strong binding
(rigor state in red). The D-loop is moved towards the binding interface and is stabilized (A-state in yellow, M-
state in green). Arrows indicate changes and scale bar is given. b, Same view as before shows the interface of
myosin and F-actin in the rigor state. One possible salt bridge is highlighted with dotted lines. Surfaces are
coloured from low (white) to high (yellow) hydrophobicity. c—e, Back view of the HLH motif and the base of loop
2 bound to central (SD1, SD3) and adjacent (D-loop) F-actin subunits. Comparison of rigor (red) and PPS state
(purple, PDB accession number 5I4E) shows main differences (c¢). Final interaction of fully bound myosin is given
in d, e. Possible electrostatic interactions are indicated by dotted lines. F-actin surface is depicted per subunit
colour (c), by hydrophobicity (d) or electrostatic Coulomb potential (e, -10 kcal mol™ in red to +10 kcal mol™" in
blue). In all subfigures, coloured residue labels belong to F-actin.
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Figure 4.27: Interfaces of the ATM complex.

a, b, Interface of loop 4 with tropomyosin (blue) and SD3 of one F-actin subunit (cyan). ¢, d, Interaction of the
HLH motif of myosin (red) with hydrophobic groove formed by the D-loop of one F-actin subunit (green ribbon
in ¢ and as surface in d) and SD1 and SD3 of the adjacent subunit (surfaces depicted by low (white) to high
(yellow) hydrophobicity). Hydrophobic residues at the interface (¢, d) and a possible electrostatic interaction
(dotted lines in c¢) are highlighted. e, f, The CM-loop (red) binds to a region formed by SD1 and SD3 of F-actin.
Charged (e) and hydrophobic (f) residues of myosin. g, Loop 3 (red) interacts with SD1 of an adjacent F-actin
subunit forming the Milligan contact. The F-actin surface is coloured either by hydrophobicity (f) or
electrostatic Coulomb potential from -10 kcal mol™ (red) to +10 kcal mol” (blue) (e, g). In all panels, coloured
residue labels depict residues of F-actin.

4.4.4 Cardiomyopathy loop completes the rigor interface

The cardiomyopathy loop (CM-loop), forming one antiparallel B-strand pair (T417-T432), is the major
site of the myosin upper 50-kDa (U50) domain that interacts with actin (Figure 4.24c, Figure 4.27e, f).
The CM-loop is fully ordered and the interface with actin is mainly stabilized by hydrophobic
interactions (Figure 4.27f), supported by weak electrostatic interactions at the tip and the base of the
CM-loop (Figure 4.27e). K429, which is found in all myosin-II isoforms (Figure 4.28), interacts with a
negatively charged patch on F-actin formed mainly by D24 and E333 in SD1 and SD3, respectively
(Figure 4.27¢). In addition, the positively charged tip (R424) interacts with the negatively charged
region around E55 and D92 of F-actin (Figure 4.27e). However, residue 424 is only positively charged
in smooth and non-muscular isoforms of myosin (Figure 4.28b) and therefore does not play a role in
skeletal and cardiac muscles. Importantly, we did not find any prominent possible salt bridges that

would stabilize the contacts between the CM-loop and F-actin, supporting previous mutagenesis
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studies suggesting that charged residues, in particular the highly conserved residue D425, play a minor
role in this interface (Onishi et al., 2006; Sasaki et al., 1999).

CM-Loop
— ) Charged tip
’!- " b Bridge ‘430
b - Conservation
a
... " MYH9 (nonmuscle) | L T P[R] 1 K v VQKAQTKEQA
. ( MYH10 (nonmuscle) | L T P|R|| KV VQKAQTKEQA
‘_ , MYH14 (nonmuscle) . L T P|R|| KV VQKAQTKEQA
b
",’\ MYH11 (smooth) I LTP|R|I KV IVQKAQTKEQA
'f’ MYH?1 (skeletal) LCYP|R|VKV YlvTKGQTVQQV
. MYH2 (skeletal) LCYP|RIVKYV VTKGQTVEQV
MYHS3 (skeletal) L CFP|R|lV K /'TKGQTVDQV
~ MYH4 (skeletal) L CYP|RlVK vVTKGQTvaav
‘ MYHS8 (skeletal) L CYP|RlVK TKGQTVaQQV
) MYH13 (skeletal) L C CP|R|V K Y[y TKGQNVQQV
MYH15 (skeletal) L | HP|R|| K VTRGQT I EQV
MYHS6 (cardiac) L CHP|R|V K VTKGQsvaav
MYH? (cardiac) L CHP|RlV K YI[VTKGQNVQQV
Lii: 11
Hydrophobic

patch
Figure 4.28: Cardiomyopathy loop.

a, Conservation of the CM-loop in the human myosin-II class is visualized as a model on F-actin (cyan) from low
(white) to high (purple) conservation. b, Sequence alignment of the CM-loop region of the human myosin-II
class. Important functions at the F-actin—myosin interface are highlighted and labelled. Residue numbering refers
to our published structure belonging to the sequence of NM-2C (depicted in bold type). Tissue localization of
myosin-II is written in parentheses. We refer to the different myosin isoforms according to the nomenclature for
the genes encoding the respective myosin heavy chains.

As speculated previously (Lorenz and Holmes, 2010), the highly conserved and disease-related residue
R419 (R403 in B-cardiac myosin) indeed does not directly interact with F-actin (Figure 4.27e¢,Figure
4.28b and Table A6.5a, b). In our structure, R419 clearly interacts with Y426 on the opposing strand
of the CM-loop, thereby bridging and stabilizing the conformation of the loop (Figure 4.27¢). Both
residues are highly con- served, suggesting that this bridge is present in all myosin-II isoforms (Figure
4.28b). Many disease-causing mutations are found in the region of the CM-loop, demonstrating the
high importance of the CM-loop for the strong binding between actin and myosin (Figure 4.28b and
Table A6.5).

4.4.5 Role of loop 2 in initial binding

Several studies showed that loop 2, connecting the L50 and U50 domains in myosin (W638-T669),
plays a major role in the initial binding to F-actin (Furch et al., 2000; Joel et al., 2001; Murphy and
Spudich, 1999; Onishi et al., 2006; Uyeda et al., 1994). We see clear density for loop 2 in the ATM
structure. However, whereas the base of the loop is ordered, the rest of the loop is more flexible
(Figure 4.29a, b). It occupies a large predominantly hydrophobic surface of the actin SD1 domain
(Figure 4.29c, Figure A6.4a, b).

A conserved hydrophobic patch at the carboxy (C)-terminal base of loop 2 (G665-F667) and the tip of
helix-R (W559) (Figure 4.29¢, Figure A6.3) interacts with a hydrophobic groove of actin SD1 (Figure
4.26d, Figure 4.29¢). Mutagenesis studies showed that especially W559 is essential for forming the F-
actin—myosin interface and obtaining motility (Kojima et al., 2001; Onishi et al., 2006). Compared
with their position in the PPS state, these residues orient towards actin to stabilize the newly formed
interface (Figure 4.31a).

Interestingly, the adjacent conserved positively charged region (R661-R664) interacts with the acidic
N terminus of actin and a negatively charged area (D23, D24) of SD1 (Figure 4.29d, Figure A6.4Db).
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While one of the conserved arginines (R663) forms a possible salt bridge with actin E3 (Figure 4.29d),
the other one (R664) interacts with D640 and D642 at the other end of loop 2, forming an electrostatic
belt that stabilizes the base of loop 2 (Figure 4.29¢). Notably, D640 and D642 are only conserved in
myosins with a long loop 2 (Figure A6.4c), suggesting that the electrostatic belt is not required for

myosins with a shorter loop 2.

Figure 4.29: Stabilization of loop 2.

a, Myosin densities of lower resolution (grey) are shown together with more highly resolved regions of myosin
(red) and F-actin (cyan). The densities can be assigned to more flexible parts of loop 1, loop 2 and the outer lever
arm, respectively. b, Close-up view onto region of the density map corresponding to loop 2. Loop 3 of the adjacent
myosin does not interact with loop 2 (red). ¢, d, Interaction of the stabilized base of loop 2 with SD1 of F-actin
(coloured by hydrophobicity in ¢ or by electrostatic Coulomb potential in d). The flexible part of loop 2 and
possible electrostatic interactions are indicated by different dotted lines.

4.4.6 Loop 3 as an assistant

In line with our previous observation (Behrmann et al., 2012a), loop 3 (Q576-D593) forms the so-
called Milligan-contact (Milligan et al., 1990; Rayment et al., 1993a) connecting the L50 domain to
SD1 of the adjacent actin subunit (Figure 4.24c, Figure 4.27g, Figure A6.4d, e). The small interface is
only formed by complementary charged surfaces and not by specific salt bridges as previously expected
(Figure 4.27g). The weak nature of the interactions, and the fact that not all myosin isoforms have a
long loop 3 that can form this contact (Van Dijk et al., 1999), suggest that, for most myosin proteins,

loop 3 plays only an ancillary role in strong F-actin binding.
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4.4.7 Supporting instead of activation loop

Several studies suggested that a proline-rich loop in the L50 domain, a so-called activation loop (I541—
(G549), is directly involved in activation of myosin by interacting with the negatively charged N
terminus of actin (Varkuti et al., 2012; 2015). Our ATM structure confirms that this loop is part of
the actomyosin interface. Together with helix-W and the base of loop 2, it forms a positively charged
basin that interacts with the negatively charged N terminus of actin (Figure 4.29d, Figure 4.30a, b).
However, R543, which is the only positively charged residue of the loop and conserved in myosin-II
(Figure A6.5a), points away from the interface and therefore cannot be involved in a direct interaction

with the glutamates of the actin N terminus (Figure 4.31b, Figure 4.30c).

PDB: 514E (PPS state) and rigor state
MYH14
Homo sapiens
possible possible

PDB: 4PFO
| MYO6

| Sus scrofa

PDB: 2AKA
MHCA

Dictyostelium discoideum

Rigor state
MYH14

| Homo sapiens

Figure 4.30: Sequence-dependent interaction of supporting loop with N terminus of F-actin.

a, Surface of myosin and N terminus is depicted by electrostatic Coulomb potential (-10 kcal mol™ in red to
+10 kcal mol™ in blue). Involved charged residues are labelled. b, Position of the proline-rich loop (supporting
loop) located between relay helix and helix-R slightly differs between the PPS (purple, PDB accession number
5I4E) and rigor state (red) and shows no direct interaction with the N terminus of F-actin. Regions at the
surface of SD1 are pulled to the actomyosin interface indicated by an arrow and a scale bar is given (F-actin in
A-state is depicted in yellow; F-actin in M-state is depicted in cyan). c—e, Comparison of prominent properties
in the supporting loop of different myosin classes (comparative models in purple) and their ability to undergo a
direct interaction with the N terminus. Main differences are length of loop (numbers give absent amino acids
relative to long loop) and position of the prominent positive-charged amino acid (R or K). Only an arginine or
lysine sitting on the top would allow a direct interaction (d—e), while a sideward-oriented arginine (d) disables
or reduces a possible interaction. In addition, respective densities (c) of the cryo-EM map are displayed.
Sequence alignment in Figure A6.5a.

In other myosins with shorter activation loops, namely myosin-V, myosin-VI or Dictyostelium myosin-
II, the position of the positively charged residue is shifted by one position and would therefore allow a

direct interaction with the N terminus (Figure A6.5a, b, Figure 4.30d, e). Compared with the PPS
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conformation, the proline-rich loop orients slightly closer to F-actin (Figure 4.30b). Since the actin-
induced conformational changes in the proline-rich loop and the adjacent relay helix are minor, we
conclude that they are probably not responsible for a direct activation of myosin and therefore suggest

using the term supporting loop rather than activation loop.

4.4.8 Myosin-induced conformational changes in F-actin

a Loop 2 base formation c

F-actin changes:

A-state —» M-state

Filament
axis

&Y
C terminus

|5A|

Figure 4.31: Comparison of PPS and rigor state and induced changes in F-actin.

a, Involved residues of loop 2 and helix-R undergo changes in rotamer orientation during base stabilization of loop
2 (PPS state (purple), PDB accession number 5I4E; rigor state (red)). The F-actin surface is shown in grey. Inset
shows a top view of rotating residues of loop 2. F667 rotates to SD1, R668 rotates outwards to the U50 of
myosin. b, Density comparison of the N terminus between myosin-unbound F-actin (yellow, A-state) and myosin-
bound F-actin (cyan, M-state) illustrates the pulled conformation of the terminus induced by loop 2 interaction.
The flexible N terminus (1-4 in o-actin) in the A-state is depicted as dotted lines. ¢, Superposition of SD1 and SD2
of F-actin in the A-state (yellow) and M-state (cyan) visualizing the myosin-induced changes in F-actin (indicated
by arrows).

To identify myosin-induced conformational changes in F-actin, we compared the ATM structure with
our reprocessed F-actin—tropomyosin structure. As expected from our previous observations
(Behrmann et al., 2012a), the overall changes are minimal. Whereas the D-loop and other interface
regions orient slightly towards myosin (Figure 4.26a, Figure 4.31c), areas interacting with the CM-loop

and more distal regions of actin only move marginally away from the interface (Figure A6.6a-c).
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The most prominent changes occur at the N and C termini of actin (Figure 4.31b, ¢, Figure A6.6d-k).
The highly conserved and negatively charged N terminus (Figure A6.6c), which is only partly resolved
in F-actin (von der Ecken et al., 2015), but essential for myosin binding (Cook et al., 1993; Miller et
al., 1996; Sutoh et al., 1991), is completely ordered in the ATM structure and pulled into a positively
charged basin on the myosin structure (Figure 4.30a, Figure 4.31b, c¢). Two glutamates at its tip (E2,
E3) are potentially involved in salt bridges with positively charged residues on helix-W and loop 2
(Figure 4.29d). The conformational change of the N terminus is partly transmitted to the nucleotide-
binding pocket (Figure A6.6e, f). Actin residues D10 and K17 slightly change their position (Figure
A6.6f ,g); however, this does not considerably alter the position of ADP and Mg2+ (Figure A6.6f, h).

Interestingly, although the actin C terminus does not participate in forming the actomyosin interface,
it is completely ordered in the ATM structure and orients towards the SD1 domain (Figure 4.31c,
Figure A6.6i-k). This is in line with previous studies showing that myosin binding to F-actin results in
quenching of fluorescence of pyrene-labelled actin at C373 (C374 in a-actin) (Onishi et al., 2006). The
higher myosin-induced stability of the D-loop, N terminus and surrounding regions is probably
responsible for the stabilization of the C terminus, which is not well ordered in the F-actin—
tropomyosin structure (von der Ecken et al., 2015; Figure A6.6j). We believe that the minimal but
substantial myosin-induced conformational changes are exemplary for most actin-myosin interactions.
We therefore suggest using the term M-state for F-actin bound to myosin in contrast to A-state for

bare F-actin (Figure 4.24a, Figure 4.31c).

4.4.9 Actin-induced conformational changes in myosin

To understand which conformational changes F-actin binding induces in myosin, we compared our
rigor ATM structure with rigor-like crystal structures (Figure 4.32). Surprisingly, the overall
structures of the different rigor-like states are very similar compared with that of the rigor state
(Figure 4.32a, b), indicating that F-actin induces only minimal conformational changes in myosin as
previously predicted (Coureux et al., 2003; Holmes et al., 2003). Differences are found at actin-
interacting loops that are partly ordered in the crystal structures and are stabilized by actin in the
ATM structure (Figure 4.32¢). In addition, we found that the converter and lever arm regions differ in
their position relative to the rest of the protein (Figure 4.32d). Importantly, the comparison between
rigor and rigor-like structures shows that F-actin stabilizes the closed conformation of myosin, but

does not induce major additional conformational changes.
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SH3-like

Figure 4.32: Comparison of rigor and rigor-like myosin structures.

a—d, Close-ups of superimposed models from rigor-like structures (nucleotide-free myosin crystal structures in
light green, PDB accession number 4PD3 (Minnich et al., 2014) and 10E9; (Coureux et al., 2003)) with our
rigor cryo-EM structure (red). F-actin is shown as surface model (green, cyan). Illustrated domains are labelled
and coloured, while the rest of myosin is shown in grey from the rigor state model. Most regions do not show
conformational differences (a, b), but the surface loops of myosin (CM-loop, loop 3 and loop 4) interacting with
F-actin differ slightly in the rigor from the rigor-like structures (a, c¢). In contrast to the cryo-EM structure,
loops at the interface (a, ¢) between F-actin and myosin are not always resolved in crystal structures. Major
structural differences in the lever arm and converter regions are indicated by arrows and a scale bar is given (d).

4.4.10 Mechanism of myosin binding to F-actin

To gain further insight into how actin accommodates first a weak and then a strong myosin-binding
state, we compared our rigor NM-2C structure with the crystal structure of the same protein in the
PPS state. On the basis of recently determined crystal structures of the motor domain of myosin-VI in
the Pi-release state, an important intermediate state, a detailed mechanism of myosin binding to F-
actin has been proposed (Llinas et al., 2015). To obtain the best possible approximation for an F-
actin-NM-2C complex in the Pi-release state, we used a two-step approach. First, we calculated a
homology model of the Pi-release state of NM-2C on the basis of the atomic model of myosin-VI
(Llinas et al., 2015). On the basis of the positions of actin and myosin in our rigor actomyosin
structure and the myosin PPS structure, we then performed different alignments of the Pi-release state
model to obtain a model for the actomyosin complex in its Pi-release state (Figure 4.33, Figure A6.7).
Exclusive alignment to the U50 domain in all states would cause steric clashes with F-actin in the Pi-
release state (Figure A6.7a). Alignment to the L50 domain would result in a rotation of the U50 away
from F-actin before the final strong binding (Figure A6.7b). We therefore chose a combined alignment
instead (Figure A6.7c) to describe the possible global conformational changes during myosin binding
(Figure 4.33, Figure 4.34). We aligned the Pi-release state model first to the L50 domain of the rigor
state. The PPS state was then aligned to the U50 domain of the Pi-release state.
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Figure 4.33: Model of myosin binding to F-actin.

a—c, Cartoon representation of the myosin—F-actin-binding mechanism. Numbers refer to different steps of the
actomyosin interaction and are directly described in the lower panel. U50 and L50 domains are coloured
according to their respective myosin state: PPS (purple, PDB accession number 5I4E), Pi-release (blue, homology
model of PDB accession number 4PFO) and rigor state (red). Other domains are coloured as in Figure 4.24b. F-
actin subunit colours give their current state (A-state, yellow; M-state, cyan and green). Loop 2 (grey) and strut
(dark blue) are shown as lines. Flexibility in loop 2 is indicated by dotted lines. Arrows highlight rotations and
binding of domains.

There is general agreement that loop 2 initiates weak binding of myosin-ADP-P; to F-actin by
interacting with the SD1 and SD3 of one actin subunit (Furch et al., 2000; Joel et al., 2001; Murphy
and Spudich, 1999; Onishi et al., 2006; Uyeda et al., 1994, Figure 4.34a). This brings both the L50 and
U50 close to F-actin (Figure 4.33a). As proposed in Llinas et al. (2015), the L50 domain rotates and
binds to actin, resulting in the Pi-release state that represents the initial strong binding state of
myosin. The interface is mainly mediated by hydrophobic interactions of the HLH domain with SD1,
SD3 and the D-loop and hydrophilic interactions with the N terminus of actin, in line with our
previous prediction (Behrmann et al., 2012a; Figure 4.33b). On the basis of our results, we propose
that this process stabilizes the base of loop 2 (Figure 4.33b, Figure 4.34b), creating a positively
charged patch to which the negatively charged strut (bridge between L50 and U50) is attracted
(Figure 4.33b, Figure 4.34c). Thus, the base of loop 2 acts as a key region that shifts the equilibrium
between the open and closed actin-binding cleft (Klein et al., 2008) towards the closed conformation,
in which F-actin directly interacts with the CM-loop and loop 4 of the U50 domain (Figure 4.33c).
Notably, both the strut and the highly conserved basic region at the base of loop 2 have previously
been shown to be essential for strong binding (Coureux et al., 2003; Joel et al., 2001; Sasaki et al.,
2000). In our model, the closure of the cleft is mediated by a rotation of the U50 domain towards F-
actin and not by a back-rotation of the L50 domain (Figure 4.33c).
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Figure 4.34: Strut attraction to the base of loop 2 promotes cleft closure.

a—c, Binding mechanism of the strut, connecting L50 and U50 domains, to the stabilized base of loop 2. To
illustrate the conformational changes, the respective regions in the PPS state (PPS, purple, PDB accession
number 5I4E) and rigor state (RS, red) of myosin have been partly overlaid. The rest of myosin is shown in grey.
L50 binds to F-actin (A-state, yellow) (a, b). The base of loop 2 is stabilized by F-actin (b) and attracts the
negatively charged strut with its positive patch. This promotes the binding of the strut, shifting the equilibrium
to a closed conformational state of myosin (c¢). Flexible parts of loop 2 are indicated as dotted lines. Lower panels
show surfaces of the same regions as in the upper panels coloured by electrostatic Coulomb potential. For better
visualization, the upper parts of the strut were removed. Surface of F-actin is depicted in transparent grey.

As described before (reviewed in Sweeney and Houdusse, 2010a), cleft closure results in the strong
binding of myosin to actin, providing the necessary anchoring of the motor domain for the subsequent
powerstroke (Figure 4.33c). The time point and effect of P; and ADP release during this process is
highly debated (Llinas et al., 2015; Muretta et al., 2015). Because we lack high-resolution structures of
intermediate states of myosin bound to F-actin, we cannot determine whether P; is released before or
after the powerstroke. However, our observation that the rigor state is very similar to the rigor-like
state suggests that actin promotes and stabilizes the closed conformation of myosin, ultimately

resulting in the release of phosphate and ADP.
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4.4.11 Applied methods

Protein expression and purification (see also section 3.1 in Material and Methods)

G-actin  (yl-actin, ACTGI1 from Homo sapiens) was recombinantly expressed using the
baculovirus/Sf9-cell system and purified as described previously (Miiller et al., 2012; Ohi et al., 2004;
see also section 3.1). Afterwards, the sample was polymerized to F-actin by increasing the salt
concentration to 100 mM KCl and 2 mM MgCl,. Tropomyosin 3.1 (TPM3 from H. sapiens, isoform
Tpm3.1) was expressed and purified from Escherichia coli on the basis of the protocol of (Coulton et
al., 2006) with no additional modifications. The motor domain of non-muscular myosin-2C (MYH14,
isoform 2 from H. sapiens) consisting of amino acids 1-799 was directly fused to an artificial lever arm
(spectrin repeats 1 and 2 from a-actinin) and a C-terminal Flag-tag (Heissler and Manstein, 2011).
The protein was recombinantly overproduced in the Sf9/baculovirus system as previously described
(Heissler and Manstein, 2011) and purified via Flag capture and size-exclusion chromatography on a
Superdex 26/60-200 prep grade column. Before grid preparation for electron microscopy studies, the
F-actin sample was spun down (100,000g) and carefully suspended in nucleotide-free F-actin buffer (5
mM Tris-HC1 pH 7.5, 1 mM DTT, 100 mM KCl, and 2 mM MgCl,). The actomyosin complex was
prepared by mixing F-actin with tropomyosin initially at a molar ratio of 7:1. The final concentration
of tropomyosin for frozen specimens was then adjusted empirically to obtain complete decoration and
only little unbound tropomyosin in the background by standard negative staining studies as described
previously (von der Ecken et al., 2015; see also section 4.3). The F-actin—tropomyosin filaments were

decorated with myosin during preparation of vitrified sample grids (see below).

Optimized grid preparation and image acquisition for cryo-EM (see also 3.3 in Material
and Methods)

Best conditions for reconstituting the F-actin—tropomyosin complex were screened by using the
negative staining protocol as described above. When myosin was incubated in solution with the
optimized F-actin—tropomyosin sample before applying the sample to the grid, we always obtained
only bundles of fully myosin-decorated actin filaments. Because of this, we optimized the protocol to
reconstitute the full actomyosin filaments with reduced bundling on a grid. Therefore, the normal
cryo-preparation protocol was changed. First we applied 2 pl of F-actin-tropomyosin solution to a
glow-discharged holey carbon grid (C-flats 2/1, Protochips), incubated for 20 s and manually blotted
from the backside for less than a second with filter paper. A thin layer of solution stayed on the grid
and the filaments where pre-straightened in the holes. Afterwards, 1.5 pl of myosin solution (3 pM in
F-actin buffer without nucleotide) were added directly on the grid, incubated for 10 s and then
manually blotted for 5 s from the backside with filter paper (Whatman no. 5), before vitrification by
plunging the grid into liquid ethane using a Cp3 plunger (Gatan).

Screening for the best sample and blotting conditions was performed on a JEOL JEM 3200FSC
electron microscope equipped with a field emission gun and operated at a voltage of 200 kV. The
omega in-column energy filter of the microscope was used to estimate best ice conditions (~70-100 nm
thickness). Finally, a data set was taken with a spherical aberration-corrected FEI Titan Krios
transmission electron microscope equipped with an extra-high brightness field emission gun (X-FEG)
and operated at a voltage of 300 kV. Although the sample preparation protocol was optimized, we had

to screen and choose usable grid squares extensively. Images were recorded with a back-thinned
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4k x 4k FEI Falcon 2 direct detection camera under minimal dose conditions using the automatic data
collection software EPU (FEI). Within each selected grid hole, three different positions were imaged,
each with a total exposure of 1 s and a frame recording time of 55 ms. Seven frames from 85 to 475 ms
with a total dose of ~16 electrons per square angstrom and one total average (integrated image) with
an electron dose of ~35 electrons per square angstrom were used for image processing. The used
magnification of 125,000 (nominal magnification of 59,000) corresponds to a pixel size of 1.1 A. The

defocus range of the data set was 0.7-2.8 um (Table A6.6).

Image processing of the cryo-EM data set (see also section 3.4 in Material and Methods)

Initial reference-free
2D-classification (138K particles)

2D-classification with parameters
of 3D-refinement (126k particles)

=282A
=270 A

Box size

Particle mask diameter

Side view

 Loop3
7 SHa-like
i Leverarm

Figure 4.35: Two-dimensional classifications and three-dimensional refinement.

a, b, Representative of 200 two-dimensional class averages of the F-actin—tropomyosin—myosin data set before
(a) and after (b) three-dimensional refinement, respectively. ¢, Box dimension and angular distribution during
three-dimensional refinement in side view. Histogram (few in blue to many in red) shows distribution of
projection direction of each boxed segment relative to the three- dimensional reconstruction (grey). d, Example
of two class averages out of a that show secondary structure elements. e, Fit of F-actin—myosin model to assign
characteristic domains of myosin (see coloured circles and boxes). Scale bars in micrograph and class averages are
50 nm and 10 nm, respectively.

In total, we collected ~6,300 images in two sessions. Despite the extensive pre-screening of grid squares
before starting automatic data collection (see above), we deleted ~68% of the recorded images because
of bundled filaments, contaminations or bad ice quality. Resulting frames were aligned and afterwards
summed up using motion correction (Li et al., 2013a). The drift- corrected averages were used for
determination of defocus and astigmatism values with CTFFIND3 (Mindell and Grigorieff, 2003).
Filaments were manually selected (Figure 3.6 in subsection 3.4.1) and exported from the 1 s integrated
images using sxhelixboxer in SPARX (Hohn et al., 2007) without changing the orientation of the
filaments to the y-axis. A total of ~138,000 segments were extracted with a box size of 256 pixels and
a boxing distance of 29 pixels (overlap ~90%). Thus, the approximate distance between them (~ 32 A)
slightly exceeded the rise of the helical assembly of actin (~ 27 — 28 A). The same procedure was
applied to the drift-corrected average and all individual frames. Afterwards all segments were
transformed to Relion-readable image stack formats and initial metadata files were created for further

refinement steps in Relion (Scheres, 2012).
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First, two-dimensional reference-free classification and sorting of bad classes from the integrated
images led to a resulting data set of 126,000 particles (Figure 4.35a). The resulting data set was used
in several rounds of three- dimensional auto-refinements with particles from the integrated images and
local three-dimensional auto-refinements with the particles from the drift-corrected averages. The
refinement showed an expected Gaussian distribution of projection direction around the filament axis
(Figure 4.35¢). To improve processing time, we limited the tilt angle afterwards. Finally, we applied a
particle-based movie refinement and frame weighting (Scheres, 2014) and continued three-dimensional
auto-refinements with the resulting contrast-enhanced particles (see also subsection 3.4.4). We did not
make use of helical symmetry during refinement but masked F-actin and myosin in the outer regions
to focus the refinement on the central parts. Initially, we applied a standard spherical mask (diameter
270 A, Figure 4.35¢) to the reconstruction. After a global refinement with the spherical mask, we
continued with local refinement and a mask at the size of seven F-actin subunits and six myosin
molecules. We used a preliminary model and the ‘Colour zone’ and ‘Split Map’ options in CHIMERA
(Pettersen et al., 2004; Pintilie et al., 2010) to extract the central part of the map from the current
density map. From this part of the map we calculated a smoothed mask with the

‘relion__mask create’ function in Relion.
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Figure 4.36: Average and local resolution.

a, FSC curves of the cryo-EM reconstruction of the F-actin—tropomyosin-myosin data set (blue) and the
reprocessed data set of F-actin—tropomyosin (red). The average resolution (FSCo.i43) of the final electron density
maps (central parts, green in subfigures) is estimated at 3.9 A and 3.6 A, respectively. b, Colour-coded local
resolution of the full map and only finally refined part of the map of actomyosin.

To evaluate the results, we again performed a two-dimensional classification with projection
parameters derived from three-dimensional refinement (Figure 4.35b). In single class averages, we
could already detect secondary structure elements (Figure 4.35d, e). As a final sorting step, we deleted
particles, which were outliers with respect to their neighbouring segments coming from the same
filament. Therefore, we kept track throughout the whole processing steps to know to which filament
each particle belongs. This resulted in 118,000 particles, which we used for a local three-dimensional
auto-refinement. In the final iteration, we applied a mask of the central five F-actin subunits and two
central myosin molecules (coloured region in Figure 4.24a). This mask was created as described above
for the mask of seven F-actin subunits and six myosin molecules. Outer regions of the lever arm were
also excluded.

Fourier shell correlation (FSC) analysis was performed within the central area (five F-actin subunits

and two myosin molecules) of the volume, resulting in an average resolution of 3.9 A (FSCo.143 criterion

103



Results & Discussion

(Scheres and Chen, 2012)) for the F-actin—myosin electron density map (Figure 4.36a). The density
map of F-actin-myosin was then sharpened using a negative b factor of —200 A? and filtered to its
nominal resolution. Because tropomyosin was masked out during refinements as we did beforeu, we
filtered the tropomyosin density map to ~7 A and merged it with the final F-actin-myosin map to
obtain a map of the entire F-actin—myosin—tropomyosin complex.

Local resolution was estimated using ResMap (Kucukelbir et al., 2014) on the full density map without
masking (Figure 4.36b), revealing a resolution gradient from higher (~3.5 A, F-actin core) to lower
(4.5 A - 5 A, outer myosin domains) values, which could be a result of induced forces from the
protruded lever arm (Figure 4.25). We converted the local resolution map to absolute frequencies and
applied a local filtering algorithm on the final map with sxfilterlocal in SPARX. To estimate and
confirm the helical symmetry of the actomyosin complex, we used the symmetry search function of
sxhelicon_ utils in SPARX.

We reprocessed our previous F-actin—tropomyosin (von der Ecken et al., 2015; see also section 4.3)
data set with the same protocol as described above (see Figure 3.7b, c¢ in subsection 3.4.2) and
obtained an improved reconstruction at an average resolution of 3.6 A for the central five F-actin
subunits (Figure 4.36a). During the helical reconstruction approach, several asymmetrical units are
averaged by symmetrization. This results in a decrease of resolution in flexible and bent regions.
However, using the single particle approach, we refine only on the central region, thereby probably
decreasing the influence of flexibility induced by the bending of the filament. This probably improves
the resolution of the resulting reconstruction.

For each data set, we provide two density maps in the Electron Microscopy Data Bank (EMDB)
databank. One entry contains the map after ‘post-processing’ in Relion without masking, the other one
the same map locally filtered, masked and merged with the filtered tropomyosin density map at its

respective position (as described above).

Atomic model building and refinement (see also section 3.5 in Material and Methods)

The central F-actin subunit (chain A) and the central myosin molecules (chain F, G) show all
available contacts to adjacent chains (B, C, D, E) and were therefore used for further structural
analysis. We used our previous F-actin model (von der Ecken et al., 2015) as a starting model for F-
actin and the highly homologous model of rigor-like NM-2B (PDB accession number 4PD3; Minnich
et al., 2014) for myosin. We performed homology modelling with the respective sequences of both
proteins using MODELLER (Sali and Blundell, 1993). Derived models were rigid-body fitted into the
density map, using ‘Fit in Map’ and the map was segmented with ‘Split Map’ in CHIMERA.
Additionally, models were flexibly fitted with iMODFIT (Lopéz-Blanco and Chacén, 2013) into the
respective density maps. Finally, the flexibly fitted models were used to create a starting
F-actin-myosin model. The electron density was converted to structure factors with the CCP4
program suite (Winn et al., 2011). The model and the density map were then used for real space
refinement and model building in COOT (Emsley et al., 2010). Flexible parts of the N terminus
(residues 1-49), loop 1 (residues 222-232), loop 2 (residues 640—661) and lever arm (residues 817-1039)
of myosin were deleted from the model. Some parts (especially surface loops and termini) of F-actin
and myosin were built de novo. Domains showing resolution lower than 4.5 A (outer myosin regions)
were not manually changed and only the backbone trace was optimized.

The resulting model was refined in REFMAC, using the modified version of the program for cryo-EM

maps (Brown et al., 2015) and applying secondary structure and reference restraints derived by
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ProSMART (Nicholls et al., 2014). In addition, we added non-crystallographic symmetry symmetry
restraints for F-actin (chain A-E) and myosin (chain F and G). To prevent overfitting, we first
determined refinement settings by refining the model (atoms randomly displaced by 0.5 A) only versus
a density map belonging to one half of the data set and compared the FSC curves of the refined model
with both half maps (Figure 4.37a). Finally, the model was refined versus the full map with the
derived refinement parameters, which did not show significant differences in the two FSC curves
(Figure 4.37a). We used MOLPROBITY (Chen et al., 2010) to evaluate the resulting atomic model.
The data statistics are given in Table A6.6.

For the reprocessed F-actin—tropomyosin data set, we used the same refinement strategies as for the

actomyosin data set. The final data statistics are given in Table A6.6.
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Figure 4.37: Model refinement and B-factor distribution.

a, FSC curves of the model to each half map to check for overfitting, when the model was only refined versus the
first half map. Black curve shows FSC between refined model and full map, when the model was refined against
the full map (see Methods). b, ¢, B-factor distribution of final model from low (blue) to high (red) values. The
absolute value strongly depends on the sharpening factor of the map, while the distribution shows the same
gradient as the local resolution in Figure 4.36b.

Fit of the tropomyosin models (see also section 3.5 in Material and Methods)

To describe the interaction between F-actin—-myosin and tropomyosin, we used the tropomyosin model
from our previous structure (Behrmann et al., 2012a). As already described in the main text, the pitch
of the coiled-coil structure is equivalent. We directly rigid-body fitted the tropomyosin model (PDB
accession number 4A7F) into the density map, using ‘Fit in Map’ in CHIMERA. We reduced the
model to the five central pseudo-repeats as before (Behrmann et al., 2012a) and shifted the residue
numbering regarding the differences from long Tpml.1 to the shorter Tpm3.1. Owing to the limited
resolution of the cryo-EM density in the region of tropomyosin, we avoided interpretation of
tropomyosin at the single amino-acid level.

For the reprocessed F-actin—tropomyosin model, we could use the tropomyosin model from our
previous model (PDB accession number 3JA8), as the structure and resolution in that region did not
differ.

Structure analysis and visualization (see also section 3.5 in Material and Methods)

For visualization of models and density maps in all figures and videos, we used CHIMERA. The

actomyosin complex was protonated using H++ (Anandakrishnan et al., 2012) at pH 7.5, and the
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electrostatic Coulomb potential of the filament surface was calculated ranging from —10 to
+10 kcal mol—1. For visualization of the hydrophobicity per amino-acid residue, we used ‘Define
attribute’ in CHIMERA and generated amino-acid-specific scores (Hessa et al., 2005). The densities of
flexible parts of myosin were detected by using the ‘Colour Zone’ function on a low-pass-filtered
density map in CHIMERA. For comparison of differences in density of A-state and M-state F-actin,
we low-pass filtered both density maps to the same resolution of 3.9 A. Sequence alignments were
performed using the ClustalOmega online server (Sievers et al., 2011). The HGMD (Stenson et al.,
2014) library and UNIPROT (UniProt Consortium, 2015) were browsed to find mutations in regions of
interest. For creating a homology model of NM-2C in the Pi-release state, we used MODELLER in the
CHIMERA ‘Multalign viewer’-interface with NM-2C as target sequence and the coordinates of the
previously determined crystal structure of the Pi-release state of myosin-VI (PDB accession number

4PFO; Llinas et al., 2015) as reference structure.
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4.5 Comprehensive discussion and outlook

My aim of my doctoral thesis was to obtain high-resolution structures of a F-actin-tropomyosin and a
human actomyosin complex. The results presented in section 4.3 and 4.4 show that I could successfully
reconstruct the cryo-EM maps of both complexes and analyse the derived molecular models at atomic
level. Besides that a task was to improve the workflow of processing a filamentous protein sample to
obtain high-resolution structures. An overview of this workflow (HELICON) is given in section 4.2.
The program was applied to reconstruct the F-actin-tropomyosin structure to high-resolution.
However, while continuing with the reconstruction of the actomyosin structure limitations of the
program were encountered and a maximum-likelihood approach in Relion was further applied.

In this section the structures of F-actin-tropomyosin and actomyosin are validated and the reliability
is compared with other published cryo-EM structures (subsection 4.5.1). Furthermore, perspectives are
given regarding both structures and possible adaption of the established methods on other F-actin
complexes are presented (subsection 4.5.2). Finally, general perspectives of cryo-EM like improvements
at the software (e.g. further improvements of HELICON) and hardware (e.g. development of TEMs)

level are being discussed (subsection 4.5.3).

4.5.1 Validation of the results

Validation of cryo-EM data and in particular of the derived molecular model was and is an open
discussion. There is no general agreement on how the refinement of the atomic model should be
performed, as there are no defined validation values like the ones existing for crystallography.

Right now, several groups use the described methods (see section 3.5) of deriving the restraints for
refinement by the usage of only one half map of a golden standard refinement. Not only the validation
of the final refinement of the atomic model but also the entire refinement of the initial reconstruction
of the EM density is still being reconsidered. For that purpose, the golden standard approach is widely
accepted (see also subsection 2.3.2). But there is still a need for validation tools during processing of
the data. Indeed, once the secondary structure is visible there is no doubt about the reliability of the
density map. Nevertheless, especially medium-resolution structures (in the range of 5-8 A) still
struggle in terms of how reliable these maps are. But also high-resolution structures should be taken
with caution, as the atomic model could be overfitted into the electron density map.

Besides that, because cryo-EM reaches atomic resolution and several atomic models at this quality are
published, there is a general impression among researchers that all published models in the database
have this high reliability. But it is very important to check the respective model regarding to the local
resolution and if the respective residue or loop is actually resolved. For example in the actomyosin
structure, the F-actin core is in the range of atomic resolution (3.2-3.5 A) while the outer regions of
myosin have only medium resolution of 4-5 A (see Figure 4.25). Therefore, an interpretation of single
residues in these outer regions was not possible. Furthermore, not resolved parts of myosin (e.g. loop 1
and 2) were deleted to prevent an overinterpretation of the results in those regions. It is very
important to establish a reliability value to the atomic model as soon as possible that also non-
specialised researchers can evaluate the published structures and interpret the information of single
residues only to a respective limit. The local resolution of the density map could be a possible value for

that purpose, which could be incorporated in the coordinates file of the atomic model.
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Recently, an approach for an automatic model building into EM destiny was introduced (DiMaio et
al., 2015; Wang et al., 2015). The software suite Rosetta was used for that purpose (Leaver-Fay et al.,
2011). Rosetta becomes more and more popular to create the atomic model. Furthermore, Rosetta was
recently applied by the Lander group (Scripps Research Institute, San Diego, CA, USA) to evaluate
all recently published cryo-EM structures with respect to their model to map convergence
(http://www.scripps.edu/lander/convergence/). They analysed reconstructions and models, which had
at least a resolution of 5 A using Rosetta.

Their applied protocol generates one hundred models for each reconstruction based on the published
atomic model. Afterwards, all these models are sorted by different scores (e.g. ‘Rosetta score’, clash
score, Ramachandran plot, MolProbity score). The best ten models are taken and refined with a real-
space refinement with Phenix into the EM density map (Adams et al., 2011). Finally, the RMSD (root
mean square deviation) of the Co-atoms of the resulting ten models are estimated.

With this protocol the Lander lab has statistically analysed the published atomic models derived by
cryo-EM  (unpublished) and show preliminary results online in their ‘Dirty Laundry Server’. The
respective results of the actomyosin and the reprocessed F-actin-tropomyosin structures from section
4.4 are illustrated in Figure 4.38. The F-actin-tropomyosin model of section 4.3 was not evaluated by
the server, as it was not processed as a single-particle and a helical symmetry is not supported so far.
In addition, tropomyosin is not being evaluated in both cases, as it is resolved at a lower resolution
and no atomic model exists.

The overall sizes of RMSD indicate a high reliability of the derived atomic models. As expected, high
RMSD are in the D-loop region in the F-actin model (Figure 4.38a), which showed a lower resolution
and a higher B-factor (Figure 4.23). However, only the central subunits were used to build the model,
as the density in the periphery was less well resolved. Thereby, the D-loops of the upper subunits have
an expected higher RMSD.

The overall actomyosin model is in the same quality range but the average RMSD is higher (see also
broader distribution in histograms in Figure 4.38b). This represents the slightly lower resolution and
the lower resolution in the outer regions of myosin. However, when using only the F-actin model and
the interface region of myosin, which is mainly discussed in this thesis, the RMSD distribution should
be at least at good as for the F-actin from the F-actin-tropomyosin structure. In comparison to the F-
actin structure, the D-loops of the central subunits have a lower RMSD, which correspond to the
higher resolution in this region as it is stabilized in the actomyosin complex by the helix-loop-helix
motif of myosin (Figure 4.26).

The Lander group evaluated almost ninety published models with their respective density maps of
different resolution (1.8 A to 4.9 A). Thereby, they could analyse the dependency of average RMSD to
the resolution. A plot of all derived data points (average RMSD per structure) is given in Figure 4.38c.
The average RMSD lowers with a higher resolution. To illustrate this behaviour a regression line is
given while assuming a proportional relationship between average RMSD and resolution. The
respective average RMSD at a given resolution can indicate how good and how reliable the respective
atomic model is and can be an indicator for over- or underestimation of the actual resolution.
Interestingly, both of the obtained models in this thesis lay significantly lower than the regression line
(red data points) indicating the high quality of the models with respect to other models at the same

resolution.
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% Residues

F-actin Actomyosin  RMSD (Ca)
89.7 % 748% <1 A (good)

8.6 % 23.6%  ~1-3 A (questionable)
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Figure 4.38: Fitting of atomic model to EM density by the ‘Dirty laundry server’.

The given results are taken from ‘The Dirty Laundry Server’ of the Lander Lab (Scripps Research Institute, San
Diego, CA, USA; http://www.scripps.edu/lander/convergence/). a, b, On the left side the results of F-actin and
on the right side the results of actomyosin are shown. The models in a and the histograms in b are coloured by
the RMSD (root mean square deviation) of the Ca(Ca)-atoms in blue over grey to red of the top ten scoring
atomic models. The y-axes have a different scale in b. ¢, Until now (fetch of the data on the 15.07.2016) almost
ninety published atomic models and the respective cryo-EM density maps were evaluated and presented by the
online server. The reported resolutions are between 1.8 A and 4.9 A. The blue line gives a regression line
indicating that the overall RMSD of Ca-atoms decreases with a higher resolution of the density map. The red
data points belong to the F-actin and actomyosin structures. In both cases, tropomyosin was not considered, as it
is not resolved to a high-resolution and no atomic model exists.
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4.5.2 The results and their perspectives

In the Introduction an historical overview of resolved structures and derived models of actin, myosin,
F-actin and actomyosin are given (see subsection 2.2.2). Ounly high-resolution structures and atomic
models of the individual proteins and lower resolved structures and models of the entire complexes
existed so far. In particular, results of studies on F-actin complexes based only on simulated or best-fit
models or obtained density maps at low to medium resolution with cryo-EM. The presented two
structures in this thesis are the first direct visualization of the F-actin-tropomyosin and actomyosin

complex at high-resolution.

F-actin-tropomyosin structure

Based on the structure of F-actin-tropomyosin previously made assumptions could be verified (e.g.
inter- and intrastrand contacts), but furthermore the derived molecular model gave more insights into
the filament organization and formation (e.g. key-player function of the D-loop, G- to F-actin form
transition, structural model of polymerization). In addition, data from kinetic and mutagenesis studies
were combined with the structural information. Several mutations were already mapped within the
structure and their possible impacts were described and analysed (for example induced charges at the
hydrophobic D-loop, Figure 4.14). The F-actin-tropomyosin structure and the established methods can
now deal as a starting point for further studies on individual residues (e.g. site-directed mutagenesis)
at the interface of F-actin subunits to reveal their importance for filament formation and stability.
Thereby, disease-causing mutations and how single mutations can induce dysfunction of the interfaces
could be better understood.

Besides the structure of F-actin, the position of tropomyosin on the filament was analysed in detail.
Tropomyosin in the F-actin-tropomyosin structure is in an Apo-state position on F-actin. This position
was recently observed at a lower resolution with cryo-EM, but not further evaluated (Sousa et al.,
2013). Interestingly, this Apo-state position has not been expected. Former studies applying negative
staining EM and molecular dynamics simulations obtained models, in which tropomyosin is positioned
in a B-state (see subsection 2.2.1). To further verify and understand the position of tropomyosin in
comparison to these previous studies three reconstructions with negative staining EM were performed
in this thesis (Figure 4.19). It was shown that the different positions are induced by the low pH of the
staining solution (pH ~ 4) and the position observed in the cryo-EM structure can be preserved in
negative staining by a prefixation with glutaraldehyde. Therefore, the position of tropomyosin in the
cryo-EM structure is thought to be the native conformation. Furthermore, a comparison with the M-
state of tropomyosin showed that tropomyosin has to undergo a significant shift or rotation on the
actin filament (Figure 4.20, Figure 4.21). The need of this large movement was not expected as well
and cannot be easily explained. Taken together, not only the position as well the need of the greater
conformational change will enhance the discussion of the native position of tropomyosin on the actin
filament and how the transition between the different states proceeds.

To shed more light onto both points and to further elucidate the described pH-dependency of the
tropomyosin position, experiments of cryo-negatively stained F-actin-tropomyosin filaments or a
negative staining procedure with PTA (Phosphotungstate) at physiological pH could be performed.
Furthermore, in the case of skeletal and cardiac actins troponin plays a major role in tropomyosin
positioning (see subsection 2.2.1). Therefore, structures are needed of F-actin-tropomyosin with bound

troponin while calcium is available or not to promote a closed and blocked state, respectively. So far,
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there are no structural data of the complex at high-resolution. Low resolution models obtained with
negative staining exist but could be affected by staining artefacts and the low pH as well (Mun et al.,
2014; Poole et al., 2006; Yang et al., 2014).

Studies could use the obtained model to restrain their molecular dynamics simulation and perform and
renew the energy landscaping of the F-actin surface for tropomyosin (Orzechowski et al., 2014a; Zheng
et al., 2016) and come up with models how the tropomyosin transition happens (Rynkiewicz et al.,
2015). However, this will only result in models of the mechanism. To sufficiently answer this question,
high-resolution structures of tropomyosin on F-actin in different states are needed. With these
structures the exact position of tropomyosin would be known and thereby it could be directly revealed
if tropomyosin shifts, roles or performs a combination of both movements between different states. In
addition, these structures could give more insights into how the N and C termini overlap is organized.
As described in the Introduction in subsection 2.2.1, the binding and transition of tropomyosin is
highly cooperative (‘Gestalt-Binding’; Lehman et al., 2013b) and the communication of the adjacent
tropomyosin molecules is unknown.

To obtain these F-actin-tropomyosin structures with cryo-EM and to derive the atomic model
obstacles have to be overcome. So far, during processing the alignment is focussed on the F-actin part
of the structure and therefore all high-resolution features of tropomyosin are merged out, because one
tropomyosin molecule is only pseudo-symmetric to F-actin. Therefore only the coiled-coil structure is
preserved and can be unambiguously observed in the reconstruction. Afterwards, as crystal structures
of tropomyosin exist, they can be fitted into the tube-like densities but the exact register on F-actin
stays unknown.

One approach to improve the resolution of tropomyosin could be a change in the processing procedure.
The whole procedure would have to be applied on the asymmetric subunit of tropomyosin. This
subunit is fourteen times longer than for F-actin as tropomyosin stretches over seven actins subunits of
only one strand. In addition, a single-particle approach should be used without applying symmetry.
Furhtermore, the box size should be much bigger, since several subunits are needed within a box. To
technically realize this approach, the selecting of particles has to be further optimized, as the
tropomyosin molecule is not visible within an image. If the molecule is selected on the wrong height,
two half molecules could be within one boxed particle. These difficulties could be solved by an
artificial label to recognize the individual molecules or by an exhaustive 2D-classification after a
random selection. Another obstacle, which will hamper the selection process, is that it is unknown if in
an n vitro reconstitution both tropomyosin tubes are bound in the same register. Therefore, it has to
be further evaluated if this can be solved by using natively purified actin filaments or by addition of
troponin, which could mediate between both tropomyosin strands. Once the selecting problem is
solved standard single-particle reconstruction should allow obtaining high-resolution structures and
open questions of the tropomyosin mechanism on F-actin could be answered with the derived
tropomyosin model. Afterwards, the same methods could be applied on F-actin-tropomyosin complexes
with bound troponin.

Actin is one of the most conserved and abundant proteins and the differences are only minimal on the
amino acid level. However, different actin isoforms are present in for example muscle cells or the
cytoskeleton. Therefore, the different isoforms must have specific properties to fulfil the respective
purpose. It could be possible that these differences do not only impact for example the ATP-hydrolysis
activity but also lead to changes on the level of the structure. Besides the differences of actin isoforms,

there are a lot more isoforms of tropomyosin (Geeves et al., 2014). In particular, some tropomyosin
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isoforms are short tropomyosins (stretching over only six actins instead of seven) or have different
influences on the F-actin stability and polymerization. These properties probably have a structural and
functional reason. Therefore other F-actin and F-actin-tropomyosin structures could be obtained by
applying cryo-EM and the molecular models could be derived. Finally, a comparison of these models
could give more insights into how different properties of isoforms are promoted by the structure.
Furthermore, as described in the Introduction in subsection 2.2.1, different nucleotide binding states of
F-actin exist but only the kinetics are understood, while the structural differences are lacking. The
presented structure is in the ADP state. A next step could be to try to stabilize a single F-actin state
(e.g. ADP-Pi or ATP state) by oversaturation or using non hydrolysable analogues (AMP-PNP, ADP
or ATP with beryllium fluoride or orthovanadate) as it was performed for an actin-like filament from
bacteria but at much lower resolution (Bharat et al., 2015). If intermediate states of the subunit with
F-actin are known the polymerization and hydrolysis mechanism could be fully elucidated and the
proposed models (subsections 4.3.4 and 4.3.5) verified and extended.

Taken together, the structure of the F-actin-tropomyosin structure and the established methods open
a wide range of perspectives to further analyse and understand fundamental mechanisms regarding

F-actin and F-actin-tropomyosin complexes.

Actomyosin structure

After obtaining the high-resolution structure of the F-actin-tropomyosin complex the same
computational methods were applied on a human actomyosin complex with tropomyosin. Some
problems during processing (e.g. struggling with stronger flexibility and resolution gradient within a
segment) were encountered and therefore another refinement approach was applied by applying a pure
single particle approach (discussion see next subsection). In addition, although the bundling of
actomyosin filaments was reduced by optimizing the vitrification procedure (see subsection 4.4.11)
almost three quarters of the original raw micrographs were discarded. Nevertheless, a high-resolution
structure of the actomyosin complex is obtained and a molecular model derived. By analysing the
actomyosin model not only most of the pioneering work were confirmed in greater detail but also for
example the curiosity of loop 2 (half rigid and half flexible, Figure 4.29) were observed for the first
time and an explanation for how actin promotes the activation of myosin (e.g. attraction of the strut,
Figure 4.34) was introduced. Besides that, the misleading name of the previously called ‘activation’
loop (Figure 4.30) was discussed. Furthermore, for the first time the myosin-induced differences in the
structure of F-actin were directly visualized and an Apo- and a myosin-state of one F-actin subunit
were suggested like it is already existing for the tropomyosin states (Van Dijk et al., 2002; Vibert et
al., 1972). These points give only some highlights of section 4.4. The results represent the next
milestone in studying the fundamental interaction of actin and myosin.

As for the F-actin-tropomyosin structure the model was analysed and brought into context with other
published works. There are several disease-causing mutants known and their impact on the actin-
myosin binding has been observed. Based on biomechanical analyses amino acids with high importance
for the actin-myosin binding and stability of the interface have been previously identified (Furch et al.,
2000; Giese and Spudich, 1997; Kojima et al., 2001; Onishi et al., 2006). But in these studies, the
interface was only indirectly elucidated by measurements of the binding-performance of point-mutated
myosins and actins. These results can further be directly interpreted and understood with the
presented actomyosin structure. For example, it was known before that the helix-loop-helix motif plays

an essential role in F-actin binding of myosin. But now, in the obtained structure the densities of the
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immersion of the motif into the hydrophobic cleft of F-actin and the unknown function in the base
stabilization of loop 2 (Figure 4.26, Figure 4.27, Figure 4.29) could be directly observed and described
in great detail.

Besides the evaluation of the actin-myosin interface, one major part of the interpretation of the results
was to derive a model of myosin binding to F-actin (Figure 4.33). As the whole cross-bridge cycle is
highly dynamic (Figure 2.6 Figure 2.7, subsection 2.2.1 of the Introduction) and as there are several
states of myosin on F-actin, the rigor state structure had to be analysed in context to other
intermediate states of myosin to derive this model. For that purpose, crystal structures of these
intermediate states were taken into account and manually aligned to the actin filament, as no
structures bound to F-actin exist. Recently, a detailed model of myosin binding to actin was proposed
while introducing a structure of a Pireleased state (Llinas et al., 2015). Therefore, this state was
included to the model of myosin binding to F-actin in addition. Interestingly, the model of the Llinas
et al. could be partly falsified by comparing different kinds of model fittings (Figure A6.7). Their
superposition of the myosin states would lead to clashes with F-actin during cleft closure of myosin
(Figure A6.7a). Finally, a new detailed model considering these issues were presented in this thesis,
but the mechanism has to be further evaluated by obtaining high-resolution structures of intermediate
states of myosin bound to F-actin.

To obtain these structures the established methods for refinement should be suitable to obtain high-
resolution structures. Moreover, the main task will be to stabilize these low affinity states on F-actin
(e.g. by crosslinking or using non hydrolysable analogues of nucleotide). Therefore, the next aim for
structural analysis of actomyosin could be to obtain a high-resolution structure of a starting point of
myosin-binding to F-actin (weak binding state; e.g. ADP-Pi or ADP bound to myosin in a pre-
powerstroke conformation), a late myosin-binding state (weak binding state; e.g. ATP bound to
myosin in a post-rigor conformation) or an intermediate myosin-binding state (strong binding state;
e.g. ADP bound to myosin before or after the powerstroke). Only when more states are resolved, the
highly complex mechanochemical reaction cycle can be understood from a structural point of view and
the derived mechanism can be further evaluated.

The quality of the reconstructed density map showed a higher flexibility to the periphery of myosin
and a resolution gradient was observed (Figure 4.36). Recently, another group used an comparable
actomyosin complex have obtained a density map with an equivalent, prominent resolution gradient
while having a much lower average resolution (Wulf et al., 2016). This higher flexibility of myosin
resulting in a resolution gradient seems to be a general problem. Therefore, to obtain higher resolution
reconstruction of the actomyosin complexes the data set size, in particular the total amount of
segments, has to be at least as the size of presented actomyosin structure to further compensate for
the flexibility. Another approach could be to further stabilize the myosin motor domain. For example
the used myosin construct had a protruding lever arm, which should be depleted to reduce the
flexibility. In addition, surface loops, which do not take part into the interface of actin-myosin (e.g.
loop 1), could be shortened.

Besides solving different intermediate states to high-resolution, there are several other myosin isoforms
and myosin classes, which show different properties when interacting with actin and could be a
possible target for further structural studies. As described for the different isoforms of actin and
tropomyosin, high-resolution structures of for example a skeletal myosin isoform could explain how in
comparison to cytoskeleton myosin the different kinetics are represented on the level of the structure.

It could be possible that loop 2 is fully ordered or loop 3 creates a stronger Milligan-contact to the
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adjacent F-actin subunit. Thereby, the binding strength could be enhanced. In addition, as in different
tissues not only the myosin isoform can differ, the isoform of the F-actin filament should be considered
as well. One major difference between non-muscular and muscular actin isoforms is the different
lengths of the N terminus (Figure A6.6d). There is an additional negative charged residue (aspartic or
glutamic acid) in muscular isoforms of actin, which could promote a stronger binding of myosin by a
faster stabilization of the base of loop 2. But these assumptions can only be proven, when high-
resolution structures of myosin in complex with actin are obtained to give the structural interpretation
in addition to data derived from kinetics studies, as it was shown with the actomyosin structure in this

thesis.

4.5.3 General perspectives of cryo-EM

As described in the introduction of this section, the HELICON workflow could be successfully applied
on the F-actin-tropomyosin data set and a high-resolution structure was obtained. However, for
solving the structure of the actomyosin complex I switched to the software package Relion since a
reconstruction with HELICON did not result in a high-resolution structure. In addition, by using
Relion the resolution of the F-actin-tropomyosin reconstruction could be slightly improved in
comparison to the previous obtained reconstructions with HELICON (see subsections 4.4.2 and
4.4.11). In Relion the segments of a filament are treated as independent single particles without
restraints to the projection parameters within a filament and no symmetrization of the density maps
are applied during refinement. In addition, Relion uses a maximum-likelihood approach for assignment
of a distribution of projection parameters, while HELICON uses a single set of projection parameters
(cross-correlation approach, see also subsection 2.3.2). Therefore, it seems that a pure single-particle
approach with maximum-likelihood statistics is superior to a helical reconstruction approach with
cross-correlation statistics. However, it could be shown that applying helical restraints to the
projection parameters in addition improved the reconstruction and its resolution in the single-particle
approach in Relion. For that purpose, particle within the same filament, which did not go in line with
other particles of the same filament (e.g. strong deviation between in- or out-of-plane angles), were
sorted out in the final steps of refinement (see subsection 4.4.11). Taken together, a combination of a
maximum-likelihood approach implemented in HELICON could be an even more superior method to
obtain high-resolution structures of filamentous protein samples with cryo-EM.

Besides mechanistic questions of the interplay of the described proteins in this thesis (see subsection
before), there are more than a hundred of actin-binding proteins, which could be interesting for further
studies applying cryo-EM in the context of F-actin. It was shown by obtaining the structure of
actomyosin in this thesis that the structure of a symmetrically binding protein to F-actin can be
solved by the established methods. Therefore, these methods can deal as a strong foundation to obtain
further F-actin structures in complex with actin-binding proteins and to analyse the molecular models
at atomic level. Actin-binding proteins have a variety of functions like for example in promoting of
muscle contraction in muscle cells or regulation of the actin cytoskeleton (Dominguez and Holmes,
2011). By solving these structures while interacting with an actin filament the function and disease-
caused dysfunction could be better understood. Thereby, new starting points for a medication could be
possibly found.

Moreover, new technologies in cryo-EM could improve the quality of the data sets and provide new

technical approaches. In particular, the development of the phase-plate (see subsection 2.3.3) and
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recent results in applying it on single particle reconstruction are very promising (Chua et al., 2016;
Danev and Baumeister, 2016; Khoshouei et al., 2016). When images are recorded with the phase-plate
the contrast is significantly enhanced over the entire frequency spectrum (Glaeser, 2013). Thereby,
smaller data sets and having fewer particles are sufficient for obtaining the same resolution as without
the addition contrast. This could lead to an enormous reduction of the required data set size, which is
currently in the size of at least several terabytes. Furthermore, as the contrast is also enhanced for low
frequencies representing larger features of the structure, smaller proteins (< 100 kDa) are visible and
can be analysed with standard reconstruction software. The same effect of an improved contrast for
small proteins will make it possible to classify conformational changes of for examples domains of
larger protein complexes. In the case of actomyosin complexes this could help to sort different
intermediate states of myosin on actin within one sample preparation. Right now, the respective
conformational state has to be stabilized and be the only one within a sample. This is still a limiting
factor in solving the structures of other possible intermediate states of the cross-bridge cycle.

The currently used reconstitution of the actomyosin complex when analysing it with cryo-EM is based
on binding of isolated head regions (motor domain) of myosin to F-actin. This leads to an artificial
decoration of the actin filaments resulting in a typical arrow-like shape (see subsection 0), which is not
possible in vivo as myosin is organized for example as a thick filament in muscle cell. Therefore, a next
step in understanding the interaction and organisation of actomyosin in a more physiological complex
could be to analyse natively purified thin and thick filaments directly within a sarcomere. This large
sample of interest could be 3D-visualized by cryo tomography. Recently, the resolution and contrast of
obtained tomograms were significantly improved by a combination of FIB-milling and the usage of the
above discussed phase-plate (Mahamid et al., 2016). A focus ion beam (FIB) is used to cut (mill) a
single slice of 200-300 nm of the vitrified tissue of interest. This method is still not capable to obtain
sub nanometre resolution, but can answer questions of the organisation of proteins within the tissue
(e.g. sarcomere) at medium resolution.

Further developments of cryo-EM to improve the quality of the data could be a change of the setup of
the electron emitter of TEMs. At the moment, conventional TEMs are working at a constant electron
beam using field emissions guns (see section 2.3). During one exposure of the sample the total exposure
time is split into frames by recording subframes by the detector (see also subsection 3.3.3). Instead of
trying to improve only the readout time of the detectors to record shorter frames another approach
could be to change from a constant illumination to a pulsed illumination. A pulsed electron source
would be needed for that purpose (personal communication with Prof. Dr. Dwayne Miller; Max-
Planck-Institute for the Structure and Dynamics of Matter in Hamburg). Thereby, the exposure time
of the sample could be minimized more than it is currently technically possible with standard direct
electron detectors. One exposure would be split not in subframes rather than in subexposures. Short
subexposures could lead to a reduction of drifting effects within one image as shown for shorter
subframes.

One other change of the setup of conventional TEMS for cryo-EM could be the used cooling
temperature. Using the medium of liquid nitrogen is the worldwide standard for cryo-EM, but it was
shown that cryo-EM at liquid helium temperature can result in high-resolution reconstructions
(McMullan et al., 2015; Unwin, 2005). It has to be further analysed how the lower temperature when
using helium can impact the particle drift or beam damage of the biological sample. This can lead to
an enhanced contrast and improved high-resolution features of the particles, which, as explained for

the phase-plate above, would reduce the needed size of the data set.
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Results & Discussion

Besides technical developments of TEMs, the specimen-supporting grid, although produced
mechanically nowadays, has almost not changed since the beginning of cryo-EM. As described in the
thesis obtaining suitable conditions for negative staining and vitrification of the sample can be a time
consuming task as it is performed manually (sections 3.3 and 4.1). At least, the preparation for
vitrified samples becomes more and more reproducible as the plunge-freezing devices became more
optimized and automated. To reduce the effort of the manual screening process, groups try for
example to automate the actual sample screening by applying several conditions on different areas on
a grid (Mulligan et al., 2015; Tan et al., 2016). This grid with multiple conditions is then screened
automatically and the best conditions can be chosen instead of preparing one grid per condition. To
obtain the structure of the actomyosin complex an exhaustive screening was manually performed.
Nevertheless, 70 % of the raw data was finally discarded. Therefore, an automated screening could
help to find even better conditions and thereby improve the yield.

Several technical developments of the microscopes and detectors can improve the time of data
collection by reducing the amount of data and are already described in this section. However, the
actual processing time of the data set can take months. The algorithms for processing cryo-EM data
are constantly improved. For example there is already a transformation going on with respect to the
usage of GPUs instead of CPUs (see also subsection 2.3.3). Some image operations are being faster
performed on a GPU system. Thereby, the processing time will be further reduced in the future, which
will help to analyse more structures in shorter time.

All in all, cryo-EM just started its very promising future and will be more and more the method of
choice to obtain molecular structures at high-resolution of proteins, which are not easily resolvable by

other methods like crystallography.
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6 Appendix

Both sections of the appendix give tables and figures belonging to section 4.3 (Structure of a skeletal

F-actin-tropomyosin complex) at first and afterwards tables and figures belonging to section 4.4

(Structure of a human cytoplasmic actomyosin complex).

6.1

Tables

Structure of a skeletal F-actin-tropomyosin complex

&

&

&

Chain A A B C D E  Function Mutations™
Arg37 Asp80, Asp81 D-Loop stabilization
Arg39 Asp286 Glu270 F-Actin/D-Loop stabilization D286G'®; E270Q*
Asp51 Arg37, Lys84 P < D-Loop stabilization
Tyr53 Lys61 Glu167 £ £ F-Actin/D-Loop stabilization
Arg62 Asp288 ; g F-Actin/D-Loop stabilization D288N*
Tyre9 Arg183 = £ D-Loop stabilization
His173 S lle267, Gly268 § F-Actin stabilization G268R'%°, G268D°, G268C**%7, G268S°
Glu195 § Lys113 § F-Actin stabilization K113E*; E195D1°
Asp244 Arg290 £ E  F-Actin stabilization
Gly42-Gly48 SD3 @ @ F-Actin/D-Loop stabilization oxidized M44, M47V'°;
Pro38-Lys50 Tyr169 M44T, G46D, G46C, M47V*

* Mutations connected to nemaline myopathies if not labeled differently

1 Mutation connected to neuromuscular disorders

Table A6.1: Filament stability of inter- and intrastand interactions.

Table of identified residues that are involved in intra- and intermolecular interactions and known mutations.
Mutation data are from references: 'Bathe et al., 20070; *Costa et al., 2004; *Nowak et al., 1999; “‘Laing et al.,
2009; °Sparrow et al., 2003; ®*Ohlsson et al., 2004; Tlkovski et al., 2004; *Graziano et al., 2004; *Nair et al., 2008;
YHung et al., 2011.
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Chain A A Function Mutations™
Tyr69 Arg183 Cleft stabilization R183C"%; R183G'*, R183L°; R183S°
His73 Asp179 Cleft stabilization H73N°®; H73L, H73R, D179N, D179H®; H73R’; D179G®

Asp157 Arg183 Cleft stabilization R183C™*; R183G"'*, R183L°; R183S°

Asp187 Arg206 Cleft stabilization

Asp207 Arg210 Cleft stabilization E207D°

Asp211 Arg210 Cleft stabilization

Lys213 Tyr306 Cleft stabilization

Tyr337 Lys18, Lys336 Cleft stabilization K336E1"; K3361°

Ser14, Gly15 ADP ADP binding G15Rt"*", G15D§"

Lys18 ADP ADP binding

GIn137 ADP ADP binding Q137H"

Gly156, Asp157 ADP ADP binding

Arg210 ADP ADP binding

Glu214 ADP ADP binding

Gly302 ADP ADP binding

GIn137 lon lon coordination Q137H™

Asp154 lon lon coordination

Gly156 lon lon coordination

* Mutations connected to nemaline myopathies if not labeled differently

1 Mutation connected to nemaline myopathies and hypertrophic cardiomyopathies
1 Mutation connected to actin myopathies

§ Mutation connected to fetal akinesia

Table A6.2: Intramolecular interactions.

Table of identified intramolecular interactions that result in a stabilization of the nucleotide binding cleft,
coordination of ADP and a divalent cation. Mutation data are from references: 'Costa et al., 2004; *Nowak et
al., 1999; *Sudo et al., 2013; “Ilkovski et al., 2004; °Laing et al., 2009; *Sparrow et al., 2003; "Yao et al., 1999;
SAgrawal et al., 2004; °Graziano et al., 2004; ’D'Amico et al., 2006; 'Bathe et al., 2007; '*Stenzel et al., 2010;
Koy et al., 2007.

Actin Mutations™

Arg147 R147K'

Lys215

Lys291

Asp311

Lys326 K326N'?

Lys328

* Mutations connected to nemaline myopathies if
not labeled differently

Table A6.3: Tropomyosin binding to F-actin in A-state.

Table showing putative residues of F-actin involved in tropomyosin binding and known mutations. Mutation
data are from references 'Laing et al., 2009 and *Jain et al., 2012.
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Data collection

Magnification
Defocus range (um)
Voltage (kV)
Microscope
Camera

x122,270

0.8-2.6

300

Titan Krios (Cs corrected)
Falcon 2 (4k DED)

Frame recording time (s) 0.085-0.475

Number of frames 7

Electron dose (e'A”) 15.4

Pixel size (A) 1.12
Particle statistics

Filaments* 7,854 (5,239)

Box size (px)

Boxing distance (px)
Rise (A)

Azimuthal rotation (°)
Segments”®
Asymmetric subunits

*

256
29

275

166.4

109,242 (74,228)
~180,000 (~120,000)

Model composition Chain ID ABCDE A
Non-hydrogen atoms 14,450 2,890
Protein residues 1,835 367
Ligand (ADP, Mg*) 140 28
Refinement
Resolution used for refinement (A) 95.2-3.7
Map sharpening b factor (Az) -50
Average B-factor (A%) 55.40 53.40
R factort 0.277
Cross-Resolution function (FCR)t 0.81 0.83
Rms deviations
Bonds (A) 0.004 0.005
Angles (°) 1.10 112
Validation
Clashscore, all atoms 19.99 18.32
Poor rotamers (%) 1.23 1.29
Ramachandran plot
Favored (%) 87.20 87.40
Outliers (%) 1.37 1.37

* Number in parentheses is count after sorting the dataset regarding micrograph quality

1 R factor = SIF y I-IF ol / ZIF 51, Where Fo,, describes the structure factors for all measured reflections
and F ,,, corresponds to the calculated structure factors from the final model

F FCR = Z(N g1 FSCqat) / ENgyer, With Ny @S number of structure factors in given shell

and FSC e = Z(Feac Fen) / w/(ZIFmIZ 2IFeyl?), where Fg, describes the structure factors for the final cryo-EM density map

Table A6.4: Data collection and refinement statistics.

Refinement statistics are shown after the last step of the refinement of the F-actin pentamer. In addition,

relevant values of the central chain A are shown. Rms, root mean square.
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Structure of a human cytoplasmic actomyosin complex

b
Cardiomyopathy loop mutations in B-cardiac myosin (MYH7)
CM-loop Function Mutation™

R403 (419) Bridge with Y410  R403L'? R403Q*™? R403W'131®
V404 (420) F-actin interface ~ V404L®, v404M®
V406 (422) F-actin interface ~ V406M'7
G407 (423) F-actin interface ~ G407V°
V411 (427) F-actin interface V411%™
T412 (428) F-actin interface ~ T412Nt"®

" Mutations connected to hypertrophic cardiomyopathies (HCM)
if not labeled differently
T Mutation connected to dilated cardiomyopathy (DCM)

c
Mutations in human myosin isoforms at/near ATM interface
Mutation Protein Region Function Disease
G640S (659)  MYH1 Loop 2 F-actin interface  Myeloid leukaemia'®
E375K (388) MYH3 Loop 4 Inner loop Freeman-Sheldon/Hall syndrome®
S532P (552) MYH7  Helix-loop-helix F-actin interface  Dilated cardiomyopathy (DCM)Z'
A550V (570) MYH7  Helix-loop-helix F-actin interface  Dilated cardiomyopathy (DCM)"’
G571R (590)  MYH7 Loop 3 Inner loop Hypertrophic cardiomyopathy (HCM)'®
H576R (593)  MYH7 Loop 3 Inner loop Hypertrophic cardiomyopathy (HCM)"®
S642L (665) MYH7 Loop 2 base F-actin interface  Dilated cardiomyopathy (DCM)*
AB36V (658) MYH8 Loop 2 F-actin interface  natural variant®®

Table A6.5: Cardiomyopathy loop and disease-causing mutations.

a, b, Mutations in B-cardiac myosin (MYHT7) can lead to cardiomyopathies. Corresponding residues in p-cardiac
myosin are illustrated with our rigor state model (a) and known mutations are listed (b) 'Dausse et al., 1993;
“Richard et al., 2003; *Yu et al., 2005; “Epstein et al., 1992; *Geisterfer-Lowrance et al., 1990; °Blanchard et al.,
1999; "Cuda et al., 1993; *Woo et al., 2003; Van Driest et al., 2004; °Mohiddin et al., 2003; *Marian et al., 1999;
2Lankford et al., 1995; *Perrot et al., 2005; **Erdmann et al., 2003; *"Moolman et al., 1993; *Moolman-Smook et
al., 1999; "Greber-Platzer et al., 2001; *Villard et al., 2005. c, Table of known disease-causing mutations at the
actomyosin interface. Numbers in parentheses give respective residue position in our published structure of NM-
2C. Localization is described in parentheses. Mutation data are from references: ’Ley et al., 2008; **Toydemir et
al., 2006; *’Kamisago et al., 2000; *?Daehmlow et al., 2002; **UniProt Consortium, 2015.
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Data collection

Magnification x122,270
Defocus range (um) 0.7-2.8 0.8-2.6
Voltage (kV) 300
Microscope Titan Krios
Camera Falcon 2
Frame recording time (s) 0.085-0.475
Number of frames 7
Electron dose (e/A2) 16
Pixel size (A) 1.1

Particle statistics
Box size (px) 256
Boxing distance (px) 29
Rise* (A) 275
Azimuthal rotation™ (°) 166.9
Particles 118,000 91,000

Model composition

F-actin-myosin Bare F-actin

Non-hydrogen atoms 26,477 14,450

Protein residues 3,354 1,845

Ligand (ADP/Mg?) 135/5 135/5
Refinement

Resolution (A) 3.9 3.6

Map sharpening b factor (A?) -200 -200

Average B-factor (A2 180 98

R factor 0.34 0.33

Fourier Shell Correlation 0.84 0.83
Rms deviations

Bonds (A) 0.015 0.013

Angles (°) 1.83 1.74
Validation

Molprobity score 2.24 1.82

Clashscore, all atoms 14.16 8.93

Poor rotamers (%) 1.57 1.36
Ramachandran plot

Favored (%) 93.23 96.38

Allowed (%) 514 3.07

Outliers (%) 1.63 0.55

*Helical symmetry parameters were estimated after C1 refinement (see Methods for further details)

Table A6.6: Data collection and refinement statistics.

Refinement statistics are given after the last step of refinements of the actomyosin and bare F-actin data set.

Rms, root mean square.
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6.2 Figures

Structure of a skeletal F-actin-tropomyosin complex

Figure A6.1: Inter- and intrastrand F-actin interactions.

K191

D187
D184 . 1267 HIT3
G268
M269 | R39
D179 E270
s271
i

a—e, The interface at the plug involves three residues (R39, E270, D286) that form salt bridges and mediate not
only one interstrand contact but also one intrastrand contact. In addition, the orientation of residues 264—269
result in a negatively charged patch that electrostatically interacts with positively charged residues on the
opposing actin. a, b, Front and back view of the interface at the plug, respectively. c—e, Surface representations
(front views in ¢ and d, back view in e) depicting the Coulomb potential (ranging from 210 kcal mol™’ (red) to
110 kcal mol™ (blue) at pH 7.5), indicating that the interaction of the upper region of the plug with adjacent
inter- or intrastrand molecules is mediated by electrostatic interactions. f, Another interstrand contact is formed
by residues 110-115 of SD1 and residues 191-199 of SD4 of the adjacent actin. However, no prominent

electrostatic or hydrophobic interactions could be identified at this interface.
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Figure A6.2: Nucleotide binding site.

a, Coordination of ADP and Ca®" in the nucleotide binding cleft in G-actin (PDB accession code 3EL2). b—c,
Back views of the nucleotide binding cleft of F-actin (cyan) with bound ADP-Mg*" or ADP-Ca’*" (b), ATP-Ca’"
(c, relative position taken from PDB accession code 3EL2) and conformational changes between the G-actin-
ATP and F-actin- ADP state (d). Glutamine 137 is moved closer to ADP, coordinating not only the cation (as in
G-actin) but also the nucleotide b-phosphate (b). The presence of ATP instead of ADP in the nucleotide-binding
site would be sterically unfavourable, suggesting that a different intermediate conformation exists for F-actin-
ATP (c). The shorter distance of glutamine 137 to the c-phosphate probably induces ATP hydrolysis and then
afterwards the cation takes the position of the c-phosphate in the ADP-state (d). For comparison the position of
glutamine 137 in G-actin is shown in yellow and the transition from G-actin to F-actin is depicted by arrows. e,
Mutation of glutamine 137 to histidine results in hampered coordination of the ion and the nucleotide and is
connected to nemaline myopathies (Koy et al., 2007).
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Structure of a human cytoplasmic actomyosin complex

Supporting
(proline rich) loop Helix-R Loop Helix-S Loop 3
550 560 570 _ 580
Conservation =]
Charge variation - _— _— [

T MYH9 (nonmuscle) PP G|I LALLDIE[ECWFPKATIDKS FVIEIKVMQIE -QGTH
MYH10 (nonmuscle) PP GIVLAL LD|JE[ECWFPKATDKTFVIElIKLVQ|IE -QGSH
MYH14 (nonmuscle) PP GIL LAL LD|EJECW|FPKATIDKS FV|E[KV AQE - QGGH

MYH11 (smooth) PPGIVLALLD|EJECWIFPKATIDKSFV|E[IKLCTIE-QGSH

Interaction

e T————
Hiydrophoic with D-loop (K49)

actin interface

| Hydrophobic stabilization 1 1

= I
% MYH1 (skeletal) -MGIIFS | LE[EJECMFPKATIDTSFKNKLYEQHLGKS
S MYH2 (skeletal) -MG|Il FS| LEJEECMFPKATIDTSFKNKLYDQHLGKS
= MYHS3 (skeletal) -MG|l FS| LEJEECM[FPKATIDTSFKNKLYDQHLGKS
MYH4 (skeletal) -MG|IlFS | LEJEECMFPKATIDTSFKNKLYEQHLGKS
MYHS (skeletal) -LG|IFSI|ILEJEECMFPKATIDTSFKNKLYDQHLGKS
MYH13 (skeletal) -MG|l FS| LEJEJECM[FPKATIDTSFKNKLYDQHLGKS
MYH15 (skeletal) -MG|[I LS| LEJE[ECMFPKATIDLTFKTKLFDINHFGKS
MYHS6 (cardiac) -MG|IMS | LEJ[EJECMIFPKATIDMTFKAKLYDINHLGKS
1l MYH?7 (cardiac) -MGIMSILE'E_ECI\/IFPKATDMTFKAKLFDNHLGKS

Interaction vﬁh |  Electrostatic stabilization |
SD1 (8349 & T350)
= 570 = 580
Conservation
Charge variation - - - - | N T pe—
Myosin-Il MYH14 (nonmuscle) P PGIL LAL L D[E[ECW|FPKA - TDKSF V[E[KVAQE|- QGGH
MYO1A QRG|I LAMLDIEJECLRPGVVSIDSTFLAKLNQL|-FSKH
o MYO1B TNG{I LAMLDEEJECLRPGTVTIDETFLIEKLNQV|-CATH
‘% MYO1C FKG[I 1 S| LDEJECLRPGEATIDLTFLIEKLEDT|-VKHH
S| wmvosa PMGILLSL LDEJESR[FPKA-TIDQTLV|E[KFEGN|-L -KS
E MYO3B PLGILLAL LDIEJESR|IFPQA-TIDQTLVIDIKKFEDN|-L -RC
f:_f MYO5A -LG[ILDLLDIEJECKMMPKG-TIDDTWAQKLYNTHLNKC
O MYO5B -LG|ILDLLDIEJECK|VPKG-TIDQNWAQKLYDRHSS -S
1l MYO6 LVGIILDI LDEEJENRILPQP -SIDQHFTSAVHQKI-HK - -
[ | ]
Negatively
charged patch

Figure A6.3: Sequence alignment of the HLH motif.

Sequence alignment of myosin (H. sapiens myosin-II, -I, -III, -V, -VI) in the region of the HLH (helix-R-loop—
helix-S) motif. Important functions at the F-actin—myosin interface and roles in stabilizing these regions
themselves are highlighted and labelled. Residue numbering refers to our published structure belonging to the
sequence of NM-2C (depicted in bold type). Tissue localization of myosin-II is written in parentheses. We refer
to the different myosin isoforms according to the nomenclature for the genes encoding the respective myosin
heavy chains.
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domail
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Figure A6.4: Loop 2 and loop 3 on F-actin.

a, b, Density map (grey) corresponding to the flexible part (residues 641-661) of loop 2 (red). F-actin is shown
as surface model coloured from low (white) to high (yellow) hydrophobicity (a) or electrostatic Coulomb
potential (b, -10 kcal mol™ in red to +10 kcal mol™ in blue). Residue labels belonging to F-actin are coloured
as surface colours. ¢, Sequence alignment of myosin (H. sapiens myosin-II, -I, -III, -V, -VI) in the region of
loop-2 and helix-R of the HLH region. Important functions at the F-actin—-myosin interface and in stabilizing
these regions are highlighted and labelled. Residue numbering refers to our published structure belonging to the
sequence of NM-2C (depicted in bold). Tissue localization of myosin-II is written in parentheses. We refer to the
different myosin isoforms according to the nomenclature for the genes encoding the respective myosin heavy
chains. d, e, Changes between rigor (red) and PPS state (purple) in the loop 3 region relative to the rest of
lower 50-kDa domain when bound to F-actin. Black arrows indicate movements and scale bars are given.
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Figure A6.5: Sequence-dependent interaction of supporting loop with the N terminus of F-actin.

a, Sequence alignment of myosin (H. sapiens myosin-II, -I, -III, -V, -VI) in the region of the supporting loop.
Different lengths of the loop and a possible supporting function are given in the last column. Residue numbering
refers to our published structure belonging to the sequence of NM-2C (depicted in bold). Tissue localization of
myosin-II is written in parentheses. We refer to the different myosin isoforms according to the nomenclature for
the genes encoding the respective myosin heavy chains. b—e, Comparison of prominent properties in the

supporting loop of different myosin classes (comparative models in purple) and their ability to undergo a direct
interaction with the N terminus. Main differences are length of loop (numbers give absent amino acids relative to
long loop) and position of the prominent positive-charged amino acid (R or K). Only an arginine or lysine sitting
on the top would allow a direct interaction (c—e), while a sideward-oriented arginine (b) or a short loop (c)
disables or reduces a possible interaction, respectively. In addition, respective densities (b) of the cryo-EM map

are displayed.
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Figure A6.6: Myosin-induced conformational changes in F-actin.

a—c, Comparison of bare F-actin (A-state, yellow) with myosin- bound F-actin (M-state, cyan). Myosin is
depicted in red. Either models (a) or representative parts of the electron density maps (b) illustrate
conformational changes in F-actin (c¢). d, Sequence alignment of the N terminus region of human actin isoforms.
Residue numbering refers to our published structure belonging to the sequence of non-muscular yl-actin
(ACTG1, depicted in bold type). To prevent confusion, the gene names instead of protein names are given.
Localization is written in parentheses. e, N terminus and nucleotide binding region of F-actin undergo small
changes (highlighted with arrows) through transmitted force of N terminus pulling. f, g, Close-ups of structural
changes at the nucleotide binding site. h, Coordination of ADP and Mg?" in the nucleotide binding cleft in M-
state F-actin. i—k, Myosin binding induces a stabilization and shifting of the C terminus towards SD1 of F-actin.
C373, which was used for pyrene labelling of F-actin, is part of the C-terminal region. Scale bars are given in the
subfigures.

149



Appendix

a  Models are aligned on upper 50-kDa domain of rigor state myosin
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b Models are aligned on lower 50-kDa domain of rigor state myosin
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Figure A6.7: Different alignments of models for weak to strong binding of myosin.
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a—c, Three possible alignments of myosin in the PPS (first column, purple, PDB accession number 5I4E),
Pirelease (second column, blue) and rigor (third column, red) states are illustrated with respect to F-actin. For
better visualization, differences in F-actin are not shown and F-actin is only depicted in the M-state (green,
cyan). The Pi-release state represents a homology model of NM-2C based on a crystal structure of myosin in the
Pi-release state (PBD accession number 4PFO). All models are either aligned to the U50 domain (a) or the L50
domain (b) of the rigor state. In ¢, the model of the Pi-release state was first aligned to the L50 domain of the
rigor state. The PPS state was then aligned to the U50 domain of model of the Pi-release state. The first row in
each subfigure shows changes in the U50 domain from the top (for a better visualization L50 was deleted). The
second row shows the L50 domain from the bottom (U50 is transparent). Possible clashes are indicated by a
yellow star (a).
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Filament Top view
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Figure A6.8: Lever arm movement between PPS and rigor state.

a-d, Superposition of myosin in PPS state (purple, PDB accession number 5I4E) and rigor state (red) on F-
actin (green) in side (a, b) and top view (c, d). Angles are given between the first helix of the lever arm to the
filament axis (b) and to a plane through the filament axis (d), respectively. First given angles were obtained
based on an alignment on the L50 domain of the rigor state (Figure A6.7b). Second angles were obtained based
on the combined alignment of the myosin models (Figure A6.7c). Orientation of models is adjusted such that the
filament axis lays on the z-axis and the first helix of the lever arm in the PPS state is parallel to the x-axis. e, f,
Close-up top view and a slightly tilted top view illustrating that the first helix of different lever arm positions in
PPS state and rigor state share roughly a plane parallel to the filament axis resulting into an optimal force
transfer on the lever arm.
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