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Abstract

The interaction of myosin with actin filaments is the central feature of muscle contraction and

cargo movement along actin filaments of the cytoskeleton. Myosin converts the chemical energy

stored in ATP into force and movement along actin filaments. Myosin binding to actin induces

conformational changes that are coupled to the nucleotide-binding pocket and amplified by a

specialized region of the motor domain for efficient force generation. Tropomyosin plays a key

role in regulating the productive interaction between myosins and actin. Here, we report the 8 Å

resolution structure of the actin-tropomyosin-myosin complex determined by cryo electron

microscopy. The pseudo-atomic model of the complex obtained from fitting crystal structures into

the map defines the large actin-myosin-tropomyosin interface and the molecular interactions

between the proteins in detail and allows us to propose a structural model for tropomyosin

dependent myosin binding to actin and actin-induced nucleotide release from myosin.
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Introduction

Muscle contraction and many other motile processes such as cell motility, endocytosis or

cytokinesis are mediated by the interaction of members of the myosin superfamily with actin

filaments. ATP binding and hydrolysis by myosin trigger a sequence of conformational

changes that are associated with an approximately 10.000-fold change in actin affinity.

Actin binding in turn promotes the successive release of Pi and ADP. The movement of

myosin along actin filaments is thought to be predominately caused by the large

conformational changes associated with the release of the hydrolysis products. Rapid

rebinding of ATP leads to myosin dissociation from the filament and starts a new cycle1–3.

This mechanochemical reaction cycle, first described by Lymn and Taylor1, has only been

partially characterized at the structural level. Crystal structures of myosin in different states

provide detailed insights into states in which myosin is dissociated from the actin

filament4,5. However, since the complex of filamentous (F-)actin with myosin is refractory

to crystallization, structural information on the actin-myosin complex was only obtained at

medium resolution from X-ray fiber diffraction6,7 and cryo electron microscopic (EM)

studies8–10. Due to its helical symmetry, F-actin decorated with myosin motor domains in

the absence of ATP is an ideal subject for cryo-EM. The highest resolution obtained so far

for a three-dimensional cryo-EM reconstruction was 14 Å and allowed the rigid-body fitting

of actin and myosin crystal structures10. Along with spectroscopic studies and crystal

structures of myosin II and Va in the absence of nucleotide11–13, this reconstruction strongly

suggests that myosin closes its so-called 50-kDa cleft upon binding to F-actin. This

conformational change is coupled to the opening of the nucleotide-binding pocket in a

manner that is not yet fully understood.

A better mechanistic description of the interaction of actin and myosin and its regulation

requires a spatial resolution at which secondary structure elements of proteins can be

identified directly. Unfortunately, F-actin filaments decorated with myosin motor domains

are flexible, which disrupts the long-range order of the proteins. As it is challenging to

restore bent filaments a posteriori14, we searched for filaments optimized for EM (fully

decorated, straight, stiff and not bundled) by screening many combinations of F-actins and

myosin motor domains. The combination of rabbit skeletal muscle F-actin with the motor

domain of Dictyostelium discoideum myosin-IE15 (myoE), a fast single-headed molecular

motor that is involved in the phagocytic uptake of solid particles and cells16, proved to be

the best specimen for this study. The addition of skeletal muscle tropomyosin, which wraps

around the F-actin filament and in conjunction with troponin regulates the Ca2+-dependent

contraction or relaxation of muscles17, improved the rigidity of the filaments even further.

Finally, we collected high-quality data using an electron microscope equipped with an

Omega in column filter (Jeol JEM 3200 FSC) to achieve maximal resolution.

Structure determination and overall architecture

We observed actin filaments to be either fully decorated with myosin and tropomyosin or

not to bind the proteins at all (Fig. 1). This indicates that tropomyosin and myosin have a

higher affinity to the F-actin-myosin and F-actin-tropomyosin complex, respectively, than to
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F-actin alone. These findings are in good agreement with previous studies showing that the

myosin motor domain subfragment 1 (S1) binds to F-actin-tropomyosin filaments with a 7-

fold higher affinity than to undecorated F-actin18 and that myosin increases the actin affinity

of tropomyosin19.

After separation of the data into two sets for either decorated or non-decorated filaments

(Fig. 1), we determined three-dimensional (3D) cryo-EM structures of both F-actin and the

F-actin-tropomyosin-myoE (ATM) complexes (Supplementary Fig. 1A). The F-actin data

set contained only ~ 4,600 segments but nevertheless resulted in a 3D map at a resolution of

8.9 Å (Fig. 2A) (also see Methods and Supplementary Fig. 2). The resolution of the ATM

complex, which was determined using almost ten times more segments yielded only similar

resolution and had artifactual density distribution with myoE underrepresented in

comparison to F-actin and tropomyosin. In addition, the regions most distant from the

helical axis were not as well resolved as central regions. By comparing three independent

reconstructions with the same data to estimate the confidence of the map, we found that the

reproducibility of the outer regions of myoE showed significant variability in comparison

with those of F-actin and tropomyosin. This indicated a structural heterogeneity of myoE.

Therefore, we adapted the codimensional principal component analysis method20 to

structures with helical symmetry (Behrmann et al., accepted) and identified the presence of

five subpopulations in the data set.

We determined structures for three of the five subpopulations (see also Methods). The

resolutions of the maps were 7.7 – 8.1 Å with an even density distribution and reproducible

myoE densities (Fig. 2B–D, Supplementary Fig. 1). The pseudo-atomic model of F-actin

obtained from a previously published cryo-EM study21 and the atomic model of myoE15

were then fit into the electron densities (Fig. 2) (see also Methods and Supplementary

Information). Since no crystal structure of the full tropomyosin complex has been obtained,

we used a previously published tropomyosin model that was created based on crystal

structures of subfragments and its optimal electrostatic fit to actin22. In this way we obtained

a pseudo-atomic model of the complete ATM complex that defines the molecular

interactions between the partner proteins.

Conformational changes in F-actin

We first compared the F-actin models obtained from our four structures (Fig. 2A–D) with

each other and with previously published F-actin models21,23. In order to characterize

differences between the models we superposed them on an invariable region identified as the

β-sheets of subdomain (SD) 3, calculated the root mean-square deviations (RMSD) of all

alpha carbon positions and, in order to determine major correlated variability between the

models, which can be interpreted as conformational variability of structures, we performed

eigenanalysis of the distribution of alpha carbon atoms within the family of models (see also

Methods). The low RMSDs showed that the F-actin models obtained from the three ATM

reconstructions (Fig. 2B–D) differed only marginally (Supplementary Fig. 2A–F). We

identified the highest variability in the DNaseI binding loop and the region next to the N-

terminus upon comparison of our F-actin model (Fig. 2A) with the previously published

models21,23. The remaining regions of actin were almost invariable (Supplementary Fig. 2
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G–L). The positions of the variable regions agree with those identified by Splettstoesser et

al. applying molecular dynamics simulations on different published actin structures24.

To identify conformational changes in F-actin upon formation of the ATM complex, we

compared our F-actin model with that of the ATM complex (Fig. 3A–C). While the low

RMSDs between the carbon-alpha positions of the models indicate that conformational

changes are minimal and distributed over the whole structure (Fig. 3A/B), the highest

differences were localized again in the region of the DNaseI binding loop and near the N-

terminus (Fig. 3C). It is tempting to speculate that this variability indicates conformational

changes upon myosin binding, especially since the regions of highest variability are directly

involved in complex formation (Fig. 4). Although our sample contained both decorated and

undecorated F-actin and we can exclude structural changes due to specimen preparation

such as ice thickness and fluid flow during blotting, we cannot rule out that the observed

differences are caused just by a higher flexibility of these F-actin regions, as was described

for F-actin24,25.

From pre-power stroke to rigor state

We then compared the myoE models obtained from our three reconstructions (Fig. 2B–D)

with each other and with the four previously published conformers of the myoE pre-power-

stroke crystal structure15. We identified an invariable core region in the lower 50 kDa

domain (LD 50), superposed all models on this region, determined RMSDs and we

performed eigenanalysis of the distribution of alpha carbon atoms within the family of

different myosin models as well as within the family of actin models (see also Methods).

Major differences in the upper 50 kDa domain (UD50) and especially in the converter

domain become obvious when the myoE models obtained from the three ATM

reconstructions (Fig. 2B–D) are compared (Supplementary Figs. 3 A–F and 4A). This

suggests that myosin displays conformational flexibility even when it is tightly bound to F-

actin (Supplementary Movie 1A–B), as previously reported by Klein et al.26. Interestingly,

high variability was also observed in the region of the converter domain when the four

conformers of the myoE pre-power-stroke crystal structure were compared (Supplementary

Fig. 3G–L)15. This indicates that flexibility of the converter domain is an intrinsic property

of myoE.

To identify conformational changes in myosin upon binding to F-actin, we compared the

pre-power stroke with the rigor state conformations of myoE, identifying large

conformational changes in the UD50, the N-terminal and the converter domain (Fig. 3D–F).

The UD50 rotates towards actin resulting in the closure of the 50-kDa cleft (Supplementary

Movies 2 and 3A–D). The converter domain rotates in the opposite direction and swings the

lever arm by ~70°.

Actin-Myosin interface

Our pseudo-atomic models clearly show that myosin interacts with two adjacent actin

molecules via several loops forming a large contact surface (1,820 Å2). Whereas loop2

(547–561), and helix HW (563–577), loop4 (278–298) and the cardiomyopathy (CM) loop

(322–342) of myoE form large contacts to SD 1 and 3 of the neighboring actin molecule,
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loop3 (482–501) attaches to SD 1 of the next lower actin along the long pitch helix. In

addition, a helix-loop-helix motif of the LD50 domain (445–481) protrudes into a cavity,

which is formed by SD1 and 3 of the upper and by the SD2 domain of the lower actin,

thereby interacting with both of them (Fig. 4 and Supplementary Fig. 5A). As becomes

obvious from examining hydrophobic surface potentials, both the helix-loop-helix motif and

the cavity are predominantly hydrophobic (Supplementary Fig. 5B). In addition, two clusters

of hydrophobic residues on the CM-loop (residues 327–330 and 335–341) interact with

hydrophobic regions on actin (residues 29–31 and 329–334). As shown before, these

hydrophobic stretches are important to maintain the myosin strong binding state27.

In contrast, the contacts between other regions are mostly mediated by electrostatic

interactions and potentially involve the formation of salt bridges (Fig. 4, Supplementary Fig.

5C). Salt bridge formation is probably arranged in a double sandwich composed of the

highly negatively charged N-terminus of actin (D1, E2, D3, E4), a conserved positively

charged region in myo-IE loop2 and on helix HW (K556, K557, R558, R567), a negatively

charged loop from actin SD1 (residue 20–28 (D24, D25)), and conserved positively charged

residues on the myo-IE CM-loop (R323, K331, R 332) (Supplementary Figs. 5D and 6).

The importance of the involved residues has been previously shown. MyoE residue R332

corresponds to human β-cardiac myosin R403, whose mutation to glutamine reduces the

ATPase activity of myosin in the presence of actin and is associated with familial

hypertrophic cardiomyopathy28.

The two conserved lysines at the C-terminal end of loop2 (K652/K653 in smooth muscle

myosin-II and K556/K557 in myoE) are necessary for triggering actin activation. The net

charge and charge density of loop2 greatly affect actin affinity and for non-processive

myosins actin-activated ATPase activity29–32. Loop2 sits not only in the middle of the

described double sandwich but also at the center of the major actin-myosin interface. Our

results shed light on the contribution of the actin N-terminus to the actin-myosin interaction.

It is well known that negative charges at the N-terminus of actin are of critical importance

for the ATP-dependent actin-myosin interaction33, especially for the weakly bound

actomyosin states34. The N-terminus is one of the rare regions of actin that is not highly

conserved (Supplementary Fig. 5D). It is therefore tempting to speculate that changes in this

area affect not only binding affinity but also serve as a means for discriminating between

different myosin isoforms.

The conserved TEDS site (S334, in our structure mutated to E334 to mimic phosphor-

serine) located in the CM loop is not oriented towards actin (Fig. 4A–B). As becomes

obvious from our model, its negative charge stabilizes the CM loop through interaction with

the neighboring residue K332 as was also suggested from comparing the unphosphorylated

myoE crystal structure, where the CM loop was disordered, to structures of other myosins

with a glutamate or aspartate residue at this position mimicking either phospho-serine or -

threonine15.

It was shown that the residues DEA460-462 on the myosin helix-loop-helix motif are

important for the myosin-actin interaction35,36. Although these conserved residues are at the
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actin-myosin interface in our model there are no obvious complementary charges on the

actin surface (Supplementary Figs. 5C,D). It is therefore more likely that the negative

charges in this region are important for stabilizing myosin loop 2 (R567) by electrostatic

interactions. This would also explain the observed effect of charge-modifying mutations on

actin affinity36.

Schröder et al. and Rayment et al. suggested an additional stabilization of the actomyosin

complex by interaction of loop3 with the SD2 of the adjacent actin8,37,38. Using our cryo-

EM structure, we are now able to prove that this contact exists (Fig. 2D) and based on our

model we can demonstrate that it is most likely formed by potential salt bridges (myosin

D500 – actin R95 and myosin K494 – actin E99) (Fig. 4). However, its influence on either

the formation of a high-affinity actin-myosin interface or modulation of actomyosin ATPase

activity is not supported by biochemical experiments, which moreover indicate that loop3

mediated contacts are not a feature shared between all myosin isoforms39.

Tropomyosin in the M(open) -state

The ~40 nm long tropomyosin dimer winds itself as a α-super helix around the actin

filament. Overlaps between the N- and C-termini of neighboring tropomyosins occur at

every seventh actin, leading to the formation of a continuous rope-like structure.

Tropomyosin is divided into seven pseudo-repeating units, each of which binds to a

successive actin monomer along F-actin. Since these units are very similar and not

distinguishable at a resolution of ~8 Å, we applied the helical symmetry of actomyosin in

order to achieve maximal resolution but at the same time accepting that the overlap region of

the N- and C-termini will not be visible in the maps.

Our electron densities show clearly two separated rod-like features corresponding to the α-

helices of tropomyosin winding around the actomyosin complex (Fig. 2B–D). It becomes

obvious from our structure and model that tropomyosin fits nicely into the groove between

actin and myosin (Supplementary Movie 4). This shape complementarity, referred to as

Gestalt-binding40, was described by Holmes and Lehman as a necessary prerequisite for the

specific actin-tropomyosin interaction. In addition, the complex is stabilized by electrostatic

interactions between myosin and tropomyosin. Myosin loop4 (285–292) acts as a central

linker interacting both with actin and tropomyosin via potential salt bridges (Fig. 4). In

muscle thin filaments, three states of tropomyosin exist. At low Ca2+ concentrations

troponin holds tropomyosin in the B (blocked) position. When Ca2+ levels increase

tropomyosin can move by ~25° to adopt the C (closed) state that allows initial myosin

binding to actin. Myosin binding induces a further ~10° shift to the M (open)-position41,42.

Li et al. identified a position of tropomyosin on actin with optimal electrostatic

complementarity and postulated this to be its preferred position in the absence of troponin or

other constraints43 (Fig. 5). Since this position covers the myosin-binding sites on actin SD3

and part of actin SD2 (Supplementary Movie 5A–B), it corresponds rather to the B- than to

the C-state of tropomyosin when troponin is present. In order to move from this position to

the M-state, the position of tropomyosin in our cryo-EM structure, tropomyosin needs to be

slightly rotated and shifted by ~23 Å (Fig. 5, Supplementary Movie 5A–B). This

corresponds to an azimuthal rotation of ~31.5° and results in an overall upward shift of
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tropomyosin along the filament (Fig. 5, Supplementary Movie 6). In comparison to the

model of the C-state, the torsion angle of tropomyosin does not significantly change, but its

radius is slightly decreased (Fig. 5).

The large azimuthal rotation suggests that we observe a shift from the B- to the M-state

rather than from the C- to the M-state, using the nomenclature adopted for troponin-

decorated actin filaments. It has long been deliberated whether tropomyosin slides or rolls

over actin when changing between the different states22. Our results show that tropomyosin

undergoes mainly sliding movements on F-actin.

Model for myosin binding and the actin-catalyzed power stroke

Our pseudo-atomic model provides important insights into the actin-myosin-tropomyosin

interaction. Although important intermediates are still missing to explain the complete

process of myosin binding, actin-catalyzed ATP hydrolysis, and the power stroke, we can

use the information provided by our models of myoE in the pre-power stroke and rigor state

to suggest the following mechanism for it.

Since our models show that the LD50 domain and loop4 are the most invariant regions

between myosin in the pre-power stroke and the rigor state (Fig. 3D–E), we propose that

myosin initially binds mainly via this region to actin. In contrast to the other binding sites on

actin, the ones for the LD50 domain and loop3 only exist on F-actin and not on G-actin

since a contact site between two different actins forms them. Initial binding in this region

might therefore also serve as specificity control.

In order for myosin to bind to tropomyosin-decorated actin in the absence of troponin, it

would have to be azimuthally rotated by 20° away from its final binding position. This mode

of binding is consistent with previously described interactions of loop 2 with actin29,44. A

subsequent rotation and closure of myosin’s 50-kDa cleft induced by strong interactions

between actin and myosin will sterically push tropomyosin further aside by about 23 Å

(Supplementary Movie 7). At the same time tropomyosin diffusion from the actomyosin

complex is prevented by Gestalt-binding and electrostatic interactions. In this model, an

oscillation of tropomyosin between the M- and B-state as described by McKillop and

Geeves41 is not necessary. However, if myosin cannot rotate in this manner, its binding to

actin will be sterically hindered as long as tropomyosin remains in the B-state and

oscillation of tropomyosin is required (Supplementary Movie 8).

Whereas actin does not change its conformation significantly during the interaction with

myosin, myosin undergoes large changes. A rotation of the UD50 towards actin closes the

50-kDa cleft (Fig. 3D,E, Supplementary Movies 2,3). During this movement, helix HK

(241–256) squeezes with its hydrophobic residues between helix HG (127–146) and helix

HH (342–372), thereby replacing their hydrophobic interactions and pushing the HG helix

aside (Supplementary Fig. 4B). This displacement is then directly transmitted to switch I and

loop1. Pi and ADP binding by switch I is destabilized and the backdoor for Pi is opened.

Loop1 transmits the force to the N-terminal domain (Supplementary Fig. 4C). Induced by

strong binding of loop 2 to actin, the HW helix (562–579) of the LD50 is pulled towards

actin, transmitting the force to the fifth β-strand (581–589) (Supplementary Fig. 4D).
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As a result, pushing by loop1 and pulling by the HW loop compress the N-terminal domain

like a spring, which relaxes by rotation only after Pi is released. This is the mechanistic basis

for the amplification of movement and release of energy obtained from ATP hydrolysis by

interaction with myosin at the LD50 and UD50 domain. The P-loop can then be moved

upwards, destabilizing Mg2+-ADP binding. According to the model, rotation of the N-

terminal domain subsequently pulls on the SH-1 and SH-2 helix, which induces a rotation of

the converter domain accompanied by a stretching of the kinked relay helix and a large

swing of the lever arm (Supplementary Fig. 4E). The power stroke can only be fully

completed after Mg2+-ADP has been released from the nucleotide-binding pocket.

However, in order to support our model for myosin binding and the actin-catalyzed power

stroke additional structures of intermediate states, such as the weakly and strongly bound

ADP state are needed. We are currently collecting relevant EM data, also including data sets

of additional actomysin complexes meant as a control.

Methods Summary

Filament preparation

F-actin was prepared from rabbit skeletal muscle. Recombinant tropomyosin and myo-IE

were purified from E. coli and Dictyostelium discoideum cells, respectively. Thin filaments

were prepared by mixing F-actin (0.1 mg ml−1) with tropomyosin at a molar ratio of 1:7 in 5

mM HEPES-OH, pH 7.2, 100 mM KCl, 2 mM MgCl2, 50 mM glutamine, 50 mM arginine.

The full complex was prepared by additionally adding myoE at slight molar excess to the

thin filaments. The resulting filament suspension was used for cryo-EM within 15 min to

minimize bundling.

Electron microscopy

For cryo-EM, the sample was diluted 10-fold, applied to C-Flat R2/1 holey carbon grids

(Protochips) and vitrified. Filaments were imaged with a JEM-3200FSC electron

microscope (JEOL) at an acceleration voltage of 200 kV operated at liquid nitrogen

temperature. An in-column omega energy filter was used to improve image contrast by zero-

loss filtering with a slit-width of 12 eV. Micrographs were recorded at 169,644x

magnification with an 8k × 8k TemCam-F816 CMOS camera (TVIPS) under minimal dose

conditions (15–20 e−/Å2) resulting in an effective pixel size of 0.92 Å on the specimen

scale.

Image processing

The SPARX software45 was used for all image-processing steps, with the exception of the

initial defocus determination, which was done using CTFFIND346. These initial defocus

settings were subsequently refined as described previously47. Decorated filaments were

identified using K-means clustering and processed according to the SPARX implementation

of the iterative helical real-space refinement scheme14. Structural heterogeneity found in

myosin was separated using a co-dimensional PCA modified to work with structures having

helical symmetry (Behrmann et al., accepted).
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Fitting

Atomic models of F-actin21 (PDB ID, 3MFP), myoE15 (PDB ID, 1LKX) and tropomyosin43

were fit into the EM volumes first by rigid-body using Chimera48 and then by flexible fitting

with DireX49.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryo electron microscopy of F-actin (undecorated actin) and the complex of F-actin,
myosin-IE motor domain and tropomyosin (decorated actin)
(A) Subarea of an unprocessed image of the vitrified sample recorded at a defocus of 1 μm.

The presence of a mixture of filament types is evident (decorated filaments marked by white

arrows, undecorated filaments marked by black arrows). Filaments appear to be either

decorated or undecorated over their complete length. Scale bar, 50 nm. (B) Representative

class sums of the decorated filaments (35,374 segments). No classes with partial decoration

were identified. Scale bar, 20 nm. (C) Representative class sums of the undecorated

filaments (4,629 segments). No classes with partial decoration were identified. Scale bar, 20

nm.
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Figure 2. Fit of pseudo-atomic models into the electron density maps of the undecorated F-actin
filament and three ATM complex conformers
Electron density maps for (A) the undecorated filament and (B–D) the three decorated

filaments (group 1–3). Central subunits are depicted as ribbon traces of the Cα coordinates

colored with a rainbow gradient from blue (amino terminus) to red (carboxy terminus).

Arrow indicates the Milligan contact. Scale bar, 5 nm.
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Figure 3. Analysis of conformational changes induced by complex formation
(A–C) Analysis of the variability of the F-actin models between the undecorated and with

myoE and tropomyosin decorated state. (A–B) Atomic models of an undecorated and

decorated (group 3) F-actin subunit, respectively. Models are color coded by Cα RMSD

values ranging from 0 Å (blue) to 10 Å (red). Major differences are found in carboxy

terminal region of the DNase I binding loop (residues 39–52) and the amino terminal region

(residues 1–5). (C) Visualization of the first eigenvector obtained after PCA as a trajectory

of standard deviation scaled displacements from the average structure. No clear pattern of

displacements is discernable. Actin is colored with a rainbow gradient from blue (amino

terminus) to red (carboxy terminus). (D–F) Analysis of the variability of the myoE models

between pre-power stroke and rigor state. (D–E) Atomic models of pre-power stroke (PDB

ID: 1LKX chain C) and rigor state (group 3 myosin) color coded by Cα RMSD values

ranging from 0 Å (blue) to 20 Å (red). In the converter domain, displacements ranged up to

40 Å. The second highest displacement locates to the UD50. (F) Visualization of the first
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eigenvector for myoE. While the LD50, especially the helix-loop-helix motif, is almost

invariable, clear changes are seen in all other domains indicating closure of the 50-kDa-cleft

and rotation of the converter domain. Myosin is colored with a rainbow gradient from blue

(amino terminus) to red (carboxy terminus). (G–H) Eigenvalue spectra for actin PCA and

myoE PCA, respectively. While changes upon complex formation cannot easily be

accounted for in the case of actin, one eigenvector is enough to account for over 92 % of

observed variance in the case of myosin. Scale bar, 1 nm.
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Figure 4. The binding interface with potential key electrostatic interactions between myosin,
tropomyosin and actin(0) and (−2)
(A) Overview of the binding interface between myosin and actin. Regions on myosin

involved in actin binding are highlighted and labeled. (B) Pseudo-atomic model of the

complete binding interface. Potential interaction partners with complimentary charges in

close proximity are depicted as colored spheres. In addition, the TEDS site (which is not part

of the interface) is depicted as a pink sphere. The interface between actin(0) and myosin

extends over 1,450 Å2, the interface between actin(−2) and myosin over 370 Å2, the

interface between actin(0) and tropomyosin over 210 Å2 and the interface between myosin

and tropomyosin over 300 Å2. (C) Cartoon representation of the interface. Residues are

colored by charge at pH 7.4. Asterisk denotes residues that are part of the actin (−2)

interface. Scale bars, 1 nm.
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Figure 5. Tropomyosin in the B and M state
(A) Top views along the filament axis at the three positions indicated by vertical markers in

(B). Upon myosin binding, the position of tropomyosin is rotated azimuthally by ca. 30° as

indicated by the arrows. The density of F-actin with tropomyosin was calculated at 8 Å

resolution based on the tropomyosin model in its B-state43. In addition to the rotation, the

radial position of tropomyosin is reduced from 43 Å to 40 Å. Scale bar, 5 nm. (B) Side view

orthogonal to the filament axis. The vectors defined by the positions of the Cα atoms of two

pseudorepeats are depicted as black bars. The angle between the tropomyosin filament and
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the actin filament remains unchanged upon myosin binding at ~20°. Scale bar, 2.5 nm (C)

Overlay of the two states depicted in (B) with actin and myosin faded. Displacement of

tropomyosin can be described as a shift along the surface of the actin filament with

additional lateral movement. MyoE, tropomyosin and actin are salmon, light green and blue,

respectively. Scale bar, 2.5 nm.
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