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Swinging lever mechanism of myosin directly 
shown by time-resolved cryo-EM

David P. Klebl1,2,8,9, Sean N. McMillan2,3,4,9, Cristina Risi5, Eva Forgacs5, Betty Virok5, 
Jennifer L. Atherton5, Sarah A. Harris6, Michele Stofella2,4, Donald A. Winkelmann7, 
Frank Sobott2,4, Vitold E. Galkin5, Peter J. Knight2,4, Stephen P. Muench1,2,10 ✉, 
Charlotte A. Scarff2,3,10 ✉ & Howard D. White5,10 ✉

Myosins produce force and movement in cells through interactions with F-actin1. 
Generation of movement is thought to arise through actin-catalysed conversion of 
myosin from an ATP-generated primed (pre-powerstroke) state to a post-powerstroke 
state, accompanied by myosin lever swing2,3. However, the initial, primed actomyosin 
state has never been observed, and the mechanism by which actin catalyses myosin 
ATPase activity is unclear. Here, to address these issues, we performed time-resolved 
cryogenic electron microscopy (cryo-EM)4 of a myosin-5 mutant having slow hydrolysis 
product release5,6. Primed actomyosin was predominantly captured 10 ms after mixing 
primed myosin with F-actin, whereas post-powerstroke actomyosin predominated at 
120 ms, with no abundant intermediate states detected. For detailed interpretation, 
cryo-EM maps were fitted with pseudo-atomic models. Small but critical changes 
accompany the primed motor binding to actin through its lower 50-kDa subdomain, 
with the actin-binding cleft open and phosphate release prohibited. Amino-terminal 
actin interactions with myosin promote rotation of the upper 50-kDa subdomain, 
closing the actin-binding cleft, and enabling phosphate release. The formation of 
interactions between the upper 50-kDa subdomain and actin creates the strong- 
binding interface needed for effective force production. The myosin-5 lever swings 
through 93°, predominantly along the actin axis, with little twisting. The magnitude of 
lever swing matches the typical step length of myosin-5 along actin7. These time-resolved 
structures demonstrate the swinging lever mechanism, elucidate structural transitions 
of the power stroke, and resolve decades of conjecture on how myosins generate 
movement.

Myosins are molecular motors that move or move along filamentous 
actin (F-actin)1. They perform many functions in eukaryotes, ranging 
from muscle contraction to organelle transport, with mutations linked 
to a range of diseases including heart disease, deafness and cancer1. 
Myosins comprise a motor domain, which can be divided into four 
subdomains (N-terminal, upper 50-kDa (U50), lower 50-kDa (L50) and 
converter), a light chain-binding domain and a tail region. The converter 
and light chain-binding domain form the lever, which rectifies and 
amplifies changes within the motor domain3.

Hydrolysis of the Mg–ATP chelate (hereafter, ATP) by myosin provides 
the energy for doing work. In the nucleotide-free state, the myosin 
motor is strongly bound to F-actin8,9. ATP binding opens a cleft between 
the U50 and L50 domains, reducing the affinity of myosin for F-actin, 
which dissociates the complex10. Once detached, myosin undergoes 

the recovery stroke, in which the myosin lever becomes primed to 
generate force, followed by ATP hydrolysis to ADP and inorganic phos-
phate (Pi)

11. Release of the Pi from myosin in the absence of interactions 
with actin is slow, precedes release of ADP, and thus limits the rate of 
energy release. Primed myosin, with ADP and Pi bound, rebinds F-actin, 
leading to Pi release, cleft closure and generation of movement, pro-
posedly through swinging of the lever (power stroke)12,13, towards the 
barbed end of F-actin (+actin)13 for most myosins. Actin accelerates Pi 
release up to 1,000-fold. The order in which Pi release, cleft closure and 
power stroke occur is debated3,14. Release of ADP from the complex is, 
in some myosins, coupled to a second, smaller swing of the lever that 
completes the structural cycle15,16. The current understanding of force 
generation by myosin motors, based on the structural states available 
so far, is reviewed in ref. 3.
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The mechanisms of force generation and actin activation of myosin 

ATPase activity remain controversial, in part owing to a lack of structural 
information on how myosin initially interacts with actin in its primed 
state3,17. Actomyosin structures in the ADP and nucleotide-free states, 
obtained by cryo-EM, reveal the architecture of strongly bound acto-
myosin complexes in which both the U50 and L50 subdomains interact 
with actin, the cleft is closed and the lever adopts a post-powerstroke 
(postPS) position18. The structure of the myosin motor in the primed 
state in the absence of actin, with ADP–Pi or analogues in the nucleotide- 
binding site, has been solved by X-ray crystallography for multiple myo-
sin classes including myosin-2 (ref. 19), myosin-5 (ref. 15) and myosin-6 
(ref. 20). The myosin primed-state structures show an open cleft 
between the U50 and L50 subdomains, and a primed lever15. However, 
previous attempts to image its attachment to actin have failed. Thus, 
the structural transitions of the power stroke were unknown until now.

At a steady state of actomyosin ATPase activity, attached primed 
myosin is rare because it is a weakly bound state that rapidly transitions 
to a postPS strongly bound state. Thus, the traditional high-resolution 
structural methods (X-ray crystallography and cryo-EM plunge-freezing 
approaches) are unable to capture a primed actomyosin structure. 
Here we have overcome these difficulties by using a myosin-5 mutant 
construct with higher affinity for actin6 and an increased lifetime of the 
attached primed state5, and by using a microspray method for cryo-EM 
specimen preparation4 that permits millisecond time resolution. We 
thereby obtained a structure of primed actomyosin at 4.4 Å global 
resolution, which reveals how the myosin motor interacts with F-actin 
in its primed state to initiate force generation. Through comparison 
with the corresponding postPS state that primed actomyosin rapidly 
transitions to, we reveal the structural transitions of the power stroke 
and directly demonstrate the swinging lever mechanism.

Trapping primed actomyosin
To trap the primed actomyosin complex, we pre-incubated a myosin-5 
construct (motor domain plus one IQ light chain-binding domain) with 
ATP for about 2 s, allowing the myosin to bind and hydrolyse ATP, so it 
was primed for actin binding5. This was then mixed rapidly with F-actin, 
sprayed onto an EM grid and plunge-frozen to trap the reaction after 10 
or 120 ms using our custom-built device4,21 (Methods and Supplemen-
tary Fig. 1). We used a myosin-5 mutant with an S217A substitution in 
switch 1 in the nucleotide-binding pocket and DDEK(594–597) deletion 
in loop 2 (Supplementary Fig. 2). S217A slows actin-activated Pi release 
(198 s−1 to 16 s−1)5, and the deletion increases the affinity of the myosin- 
5–ADP–Pi primed state for F-actin about tenfold6. This double-mutant 
motor is fully functional in actin-motility assays and has a maximum 
actin-activated Pi-release rate of 13 s−1 (Supplementary Fig. 3).

We chose two time points at which to vitrify the mixture of myosin 
and actin, 10 and 120 ms. At 10 ms, the maximum speed of the set-up, 
based on the kinetic data, we expected most actomyosin complexes 
to still be in the primed state, whereas at 120 ms, a higher proportion 
of these would have transitioned to a postPS state, ensuring that any 
intermediate states between the primed and postPS could be captured 
(see Supplementary Fig. 3).

The time-resolved cryo-EM data at both time points yielded two 
distinct classes of actomyosin-5 structures, which we identified as 
the primed and postPS states, and solved to global resolutions of 4.4 
and 4.2 Å, respectively (Supplementary Fig. 4). To enable detailed 
interpretation of the cryo-EM density maps, we followed current prac-
tice22–25 to create pseudo-atomic models by flexibly fitting available 
high-resolution structures into the maps, performing homology mod-
elling and refinement and using molecular dynamics (MD) simulation 
approaches to explore side-chain interactions at contact interfaces 
(Methods and Extended Data Tables 1 and 2). Calmodulin density in all 
of the EM maps is weak, indicating low occupancy of the heavy chain by 
calmodulin. The postPS actomyosin structure was similar to previous 

structures of strongly bound states of myosin-5 (ref. 18), as expected 
given the mutant we used is fully functional in motility assays and only 
has a twofold increase in ADP release rate compared to the wild-type 
motor5. Intermediate states between the primed and postPS states 
were not detected despite extensive three-dimensional classification 
and masking (Supplementary Fig. 4). This suggests that the lever swing 
mechanism may be a continuum structural change, analogous to firing 
a Roman catapult, but intermediate states present in low abundance 
could have escaped detection. As expected, rigor actomyosin was not 
identified in the time-resolved data as the high concentration of ATP in 
the mixture meant that ATP rebinding and dissociation of myosin–ATP 
from actin would occur rapidly.

The lever swing mechanism predicts that following mixing of primed 
myosin with F-actin, primed actomyosin will initially predominate, 
with postPS actomyosin accumulating over time. We found that 62% 
of actomyosin complexes were in the primed state at 10 ms (Extended 
Data Fig. 1). At 120 ms, the proportion of primed actomyosin complexes 
was reduced to 36%, concomitant with an increase in postPS complexes, 
in reasonable agreement with a Pi-release rate of 13 s−1 (Supplementary 
Fig. 3d). This time dependence of conformation directly demonstrates 
the swinging lever mechanism.

Structure of primed actomyosin
In the primed state, myosin interacts with actin through its L50 domain 
with its actin-binding cleft open (Fig. 1 and Supplementary Video 1). The 
central actomyosin interface is formed between two neighbouring actin 
subunits and the myosin helix–loop–helix (HLH) motif (Fig. 1a–d), with 
additional interactions between actin and myosin loop 2 and myosin 
loop 3 completing the interface (Fig. 1d). The main contacts are primar-
ily hydrophobic in nature, supplemented by electrostatic interactions. 
The interactions between the HLH and actin and those between loop 3 
and actin are the same as observed for the strong-binding states26, 
largely conserved across myosin classes in higher eukaryotes27. Thus, 
the orientation of the primed motor domain when docked onto actin 
resembles that of strongly bound states except that the U50 does not 
interact with actin in primed actomyosin (Fig. 1b).

Myosin loop 2 is flexible and poorly resolved in the primed state, as 
in other actomyosin structures18,26. Yet, the carboxy-terminal portion 
of loop 2 (residues 628–632) has appreciable density that adopts an 
elongated conformation, reaching out parallel to the actin surface. 
MD-driven fitting and subsequent simulation of side-chain interac-
tions suggest that the positively charged residues K629 and K632 
interact with the negatively charged D24 and D25, respectively, in − 
actin subdomain-1 (Fig. 1e, Extended Data Fig. 2 and Extended Data 
Table 2). A ridge of weaker density extends further along the surface 
of the actin, suggesting that more of loop 2 may be associated with 
the actin surface.

The converter is in a primed position within the motor domain, and 
the orientation of the motor domain on actin results in the emerging 
lever helix pointing along the actin axis towards the pointed end, at an 
angle of about 52° to the actin axis (Fig. 1f).

The N-terminal residues of actin (residues 1–4, DEDE for skeletal 
α-actin used here, and –DDD and –EEE for β-actin and γ-actin, respec-
tively), which are unresolved in most actin structures, can reach out to 
interact with helix W of the myosin L50 subdomain and loop 2. Model-
ling in ISOLDE showed that the actin residues D1 and E2 can interact with 
H637 and N641 in helix W, respectively, and the acetyl group of the acety-
lated N-terminal residue D1 can interact with H631 in loop 2 (Fig. 1g). 
Further examination of these modelled interactions, by explicit solvent 
MD simulations, indicated that they are largely maintained over time 
(Extended Data Fig. 2 and Extended Data Table 2). These N-terminal 
actin interactions with myosin may thus lead to the subtle changes 
in primed myosin structure, described below, and suggest how actin 
activates myosin ATPase activity.
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Structural changes following actin binding
The time-resolved cryo-EM data contained unbound myosin-5 mol-
ecules, providing us with the opportunity to directly compare myosin 
structure in the unbound and actomyosin states (Fig. 2 and Supple-
mentary Video 2). Unbound myosin motors from the 120-ms data 
were analysed to produce an EM map with global resolution of 4.9 Å 
(Supplementary Fig. 5). This revealed that unbound myosin motors 
were in a primed state, vitrified before productive actin binding. The 
crystal structure of the myosin-5c motor domain trapped in the primed 
state by use of ADP–vanadate (Protein Data Bank ID 4zg4) was well 
accommodated within the cryo-EM density15, except in the position 
of the converter domain and relay helix (Extended Data Fig. 3a–e). 
Thus, flexible fitting of this crystal structure in the map was used to 
produce a model of our myosin-5a construct in the unbound primed 
state (Extended Data Fig. 3a,c,e).

The myosin models for unbound primed myosin-5 and primed 
actomyosin-5 are very similar (0.80 Å root mean squared deviation from 
global alignment of the motor domains across 708 Cα atom pairs) yet 
subtle changes are seen in the flexible regions, especially in the position 
of the converter domain and helix D (Extended Data Fig. 3f,g). When 
the two structures are aligned on the main actin-binding interface (the 
HLH (residues 505–530) alone (Fig. 2a)), the entire U50 is observed to 
be displaced with the largest shift in the position of helix D (Fig. 2b and 
Supplementary Video 2). This suggests that subtle structural changes in 
the myosin motor are induced by actin binding and propagated through 
the molecule.

In the bound state, with myosin anchored to actin through the HLH, 
the rest of the L50 moves downwards, relative to the actin axis, so that 
the U50 domain is rotated circumferentially around F-actin towards the 
converter, which lifts the HCM loop and loop 4 further away from the 
actin surface (Fig. 2a,c and Supplementary Video 2). The interaction 
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of the N-terminal residues (1–2) of actin with the neighbouring helix W 
and loop 2 (Fig. 1g) could drive this motion. The C-terminal end of loop 2 
extends to contact the actin surface (Fig. 1e), and the ‘activation loop’ 
(residues 501–504, between helix Q and helix R) protrudes further out 
from the axis of its neighbouring helices, reaching out for the actin 
surface (Fig. 2c). Notably, the converter hardly moves relative to the 
HLH motif (Fig. 2b), such that there is little movement of the lever when 
primed myosin binds to actin.

The movement of helix D results in the rearrangement of the position 
of Y175 and Y119 (Fig. 2d–f and Supplementary Video 2). These residues 
interact with the adenosine ring of the nucleotide and the rearrange-
ment probably results in less restraint on ADP in the nucleotide pocket. 
This is supported by the observation of weaker density for the adeno-
sine ring in the primed actomyosin EM density in comparison to that 
in the unbound primed myosin EM density (Fig. 2d,e). Consequently, 
in the primed actomyosin model, refined with MD in ISOLDE28, the 
ADP is placed further back into the pocket, towards helix D, creating 
strain that may promote Pi dissociation from the ADP moiety as the 
Pi is anchored by interactions with the P-loop (S165), helix F (K169) 
and switch 1 (N214 and S218; Fig. 2d–f). However, Pi cannot dissociate 
because its exit route is blocked. The loops of switch 1 and switch 2 
are in such close proximity in the density map that in our model the 
salt bridge between R219 in switch 1 and E442 in switch 2, termed the 
backdoor, is still present and so the exit door is closed.

Structural changes in the power stroke
Comparison of the primed and postPS actomyosin states allows us to 
describe the structural changes that occur during the power stroke that 
could never before be described. The biggest change is the large-scale 
movement of the converter and light chain-binding domain (Fig. 3a–e, 
Extended Data Fig. 4 and Supplementary Video 3), responsible for gen-
eration of external mechanical force. The lever swings through about 

93°, predominantly along the actin axis, and is displaced azimuthally by 
only 4° right-handed (Fig. 3c–e), with a small (2.5°) right-handed torsion 
of the lever around its own axis. The N-terminal domain is displaced by 
about 10 Å orthogonally to the actin axis (Fig. 3e). Thus, the myosin-5 
motor successfully converts complex internal movements into a sim-
ple swinging motion along actin. These data directly demonstrate the 
structural characteristics of the swinging lever mechanism.

Whereas the interactions between actin and the myosin L50 domain 
(HLH motif and loop 3) remain largely unchanged between the 
primed and postPS states, the U50 interactions are distinctly differ-
ent (Fig. 3f,g). In the primed state, the HCM loop and loop 4 are poorly 
resolved, indicating flexibility in this region, and both loops are too 
distant from the actin surface to form stable contacts with it (Fig. 3f). In 
the postPS state, the U50 domain is rotated such that the actin-binding 
cleft is closed and the HCM loop and loop 4 can interact with the actin 
surface, forming both hydrophobic and charged interactions (Fig. 3g 
and Extended Data Fig. 5a–d), as seen in previous strongly bound 
actomyosin structures18,26,27. These additional interactions increase 
the surface area of the binding interface from 375 Å2 in the primed 
state to 729 Å2 in the postPS state, creating a much stronger binding 
interface and providing the structural basis for the transition from 
weak to strong binding.

In the postPS actomyosin structure, the interactions of loop 2 with 
actin subdomain 1 are different to those seen in the primed structure 
(Fig. 3h,i). Pseudo-atomic modelling suggests that interactions of 
H631 with acetyl-D1 and K629 with D24 (Fig. 3h) are broken and the 
C-terminal portion of loop 2 adopts a helical conformation with K629 
and K633 forming stronger ionic interactions with actin E2 (Fig. 3i). 
The preserved interaction of K632 in loop 2 with D25 means that the 
change in loop 2 conformation, which shortens loop 2, would rotate 
the U50 around towards the actin surface, resulting in formation of the 
second binding interface and cleft closure (Supplementary Video 3). 
An interaction between residue K502 in the activation loop and  
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E4 of actin can also form only in the postPS state (Extended Data Figs. 2  
and 5e and Extended Data Table 2).

Within the nucleotide-binding pocket, there are relative movements 
between switch 2, switch 1 and the P-loop that indicate that Pi has been 
released in the postPS structure (Fig. 3j,k). The salt bridge between 
R219 in switch 1 and E442 in switch 2 (termed the backdoor) is intact 

in our primed actomyosin pseudo-atomic model and broken in our 
postPS model, consistent with previous structural observations3,15,18.

Two possible escape routes for Pi from the active site have previously 
been proposed, through opening of the backdoor (either by switch 1 
moving away from switch 2 (ref. 29) or by switch 2 moving away from 
switch 1 (ref. 20)) or through formation of a gap between switch 1 and 
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the P-loop30 (so-called side-door). Here, by comparison of the primed 
and postPS actomyosin states, we definitively show that rotation of 
the U50 across the L50, resulting in cleft closure, displaces switch 1 
and the P-loop away from switch 2 to open the backdoor and enable 
Pi release (see morph between primed and postPS actomyosin in Sup-
plementary Video 3).

Our postPS actomyosin-5 structure shows a closed actin-binding cleft 
as well as a postPS lever position (Fig. 3d) and has high similarity to previ-
ous structures of strongly bound actomyosin complexes (ADP-bound 
or rigor states)18. The cryo-EM density shows clear evidence for the pres-
ence of MgADP (Extended Data Fig. 5f) and we, therefore, identify the 
postPS state as ADP-bound actomyosin-5. We observe that the position 
of the lever is more similar to that observed in previous rigor structures 
(Extended Data Fig. 5g), rather than ADP-bound structures15,18. We also 
observe that the density for the magnesium ion in the nucleotide-binding 
pocket (Extended Data Fig. 5h,i) is in a different position to that seen 
in other ADP-bound structures18. This could be due to the S217A sub-
stitution changing the Mg coordination, and may explain the twofold 
increase in ADP release rate for the S217A mutant compared to the wild 
type5, along with the change in lever position. To ensure that this mutant 
motor still transitioned through the canonical mechanochemical cycle, 
with the expected second smaller lever displacement seen following 
ADP release18, we also obtained a cryo-EM density map of the mutant 
rigor actomyosin to a global resolution of 3.9 Å (Extended Data Fig. 6). 
This showed the expected lever and converter displacement on ADP 
release (Extended Data Fig. 6), indicating that this motor undergoes 

a classic mechanochemical cycle. The four structures we present thus 
delineate the entire structural sequence of the myosin-5 power stroke.

Structural basis of force generation
The changes we observe between unbound primed myosin, primed 
actomyosin and postPS actomyosin provide many insights that allow 
us to propose the mechanism by which myosin generates movement 
and actin catalyses it (Fig. 4 and Supplementary Video 4).

It is generally accepted that myosin initially binds weakly to actin 
through interactions between positively charged residues of loop 2 
and negatively charged residues in actin subdomain-1 (ref. 26; Fig. 4a), 
which are indeed seen in our primed structure (Fig. 1f). This brings 
the L50 in close proximity to the actin surface, enabling the stere-
ospecific interaction between the L50 (HLH and loop 3) and F-actin 
to form quickly after this initial interaction. This interaction triggers 
an important rearrangement within the primed myosin (cocking back 
of the U50) to produce the primed actomyosin we observe (Fig. 4b). 
During the transition between primed and postPS states, we show 
that the U50 must rotate, resulting in cleft closure and producing the 
strong-binding interface required to sustain the force generated by 
lever swing (Fig. 4c,d). Yet, the question of how actin activates myosin 
ATPase activity still remains.

Actin N-terminal residues 1–4 are implicated in myosin ATPase 
activation, as deletion or alteration of these residues diminishes 
actin-activated ATPase activity31,32. We find that actin structure is almost 
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Fig. 4 | Models of myosin force generation and ATPase activation on F-actin. 
a–d, Force generation (upper row: end-on view; lower row: side view). e–h, ATPase 
activation. a, Primed myosin initially binds weakly to actin through electrostatic 
interactions of loop 2 with actin subdomain 1. This brings the L50 of myosin 
near to the actin surface, enabling formation of the stereospecific primed 
actomyosin state. b, HLH binding enables the actin N-terminal residues 1–2 to 
interact with helix W and loop 2, resulting in the U50 being cocked back towards 
the converter domain, rotated around the F-actin axis. c, Rearrangement of 
N-terminal actin interactions with helix W and loop 2 results in loop 2 stabilization 
at its C-terminal end. This shortens loop 2, rotating the U50 and attracting the 
negatively charged strut to positively charged loop 2, promoting cleft closure. 
d, Cleft closure results in the strong-binding interface needed to sustain force 

and concomitantly results in twisting of the transducer, straightening of the 
relay helix and lever swing. e, In the unbound primed state, the backdoor is 
closed, prohibiting Pi release. f, Following binding of primed myosin to actin, 
cocking back of the U50 towards the converter creates strain in the nucleotide 
pocket, with the ADP drawn away from the well-coordinated Pi, prohibiting 
reversal of hydrolysis and promoting Pi release. g, As the U50 rotates, and the 
initial interactions between the U50 and the actin surface are formed, switch 1 
and the P-loop are displaced relative to switch 2, the backdoor is opened, and  
Pi is squeezed out into the Pi release tunnel. h, In the postPS state, Pi has been 
released, the lever has swung and the backdoor is open. Pi re-entry into the 
nucleotide pocket is highly unfavourable.
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unchanged between free actin, primed actomyosin and postPS acto-
myosin, except in the N-terminal residues, which are disordered in free 
actin, become ordered in primed actomyosin and adopt a different 
conformation in postPS actomyosin (Extended Data Fig. 7). It is impor-
tant to note that the natural actin substrate of myosin-5 is cytoplasmic 
actin (β-actin and γ-actin), rather than the skeletal α-actin used here, 
and that these actins have N termini with slightly different sequences 
but conserved negative charge such that the interactions reported here 
are probably maintained. Density for the D-loop in actin subdomain 2 is 
also stronger in the actomyosin structures in comparison to free actin 
owing to stabilization following myosin binding.

When primed myosin binds to F-actin, actin residues 1–2 interact with 
both helix W and loop 2. The interactions with helix W provide stabiliza-
tion of the L50 and cause a slight rotation of the U50 back towards the 
converter domain (Fig. 4b and Supplementary Video 2), which results in 
helix D movement creating strain in the nucleotide-binding pocket that 
would enable Pi dissociation. However, Pi cannot dissociate because the 
backdoor is still closed (Fig. 4e,f). These initial movements catalyse a 
subsequent rearrangement of the actin N-terminal residues that change 
their interactions with loop 2 and helix W, so that the C-terminal end 

of loop 2 is stabilized (Fig. 3i) and actin E4 interacts with the activation 
loop. The stabilization of loop 2 at its C-terminal end means that the 
U50 domain and strut26 are pulled towards the actin surface, promoting 
cleft closure (Fig. 4c). As interactions of the U50 with the actin surface 
are formed, committing myosin to cleft closure, switch 1 and the P-loop 
are moved away from switch 2, opening the backdoor, and concomi-
tant reshaping of the nucleotide-binding pocket pushes Pi into the Pi 
release tunnel (Fig. 4g). Thus, actin catalyses myosin ATPase activity 
by accelerating cleft closure and Pi dissociation.

Cleft closure is made energetically favourable in the presence of 
actin, owing to the formation of additional interfaces between the 
myosin U50 and −actin, and the distortions that occur following 
binding of primed myosin to actin act to accelerate Pi release. Interac-
tions of Pi with positively charged residues in the Pi release tunnel20 
could delay its release into solution and explain why kinetic11,33 and 
single-molecule measurements17 suggest that Pi is released after the 
power stroke occurs14. Cleft closure causes the transducer to twist and 
the relay helix to straighten, concomitant with lever swing, producing 
the power stroke and the postPS structure (Fig. 4h).

In the absence of load, there is tight coupling between cleft closure 
and lever swing. However, under strain, the lead head of two-headed 
myosin-5 has been shown to rapidly release Pi (ref. 34) yet adopt a 
strongly bound state with a primed lever35,36. This is consistent with Pi 
displacement preceding cleft closure, which commits myosin to lever 
movement. The activation loop may also have a role here in stabilizing 
the actomyosin interface to decrease detachment under load37.

The sequence of structures that we observe provides an additional 
insight into the way myosin works. The motions of cocking back around 
the actin axis and cleft closure are in planes almost orthogonal to that of 
lever swing, such that neither would be impeded in the presence of load 
on the lever along the F-actin axis. Thus, myosin clamps itself onto actin 
without producing any axial movement. Thus, when the lever tries to 
swing forwards against a restraining force, the axial force does not tend 
to reopen the cleft. This is akin to how a chameleon climbs up a stick. This 
feature has important implications for function across all myosin classes.

Implications for two-headed myosin-5
By overlaying the structures of the primed and postPS actomyosin 
states, we were able to visualize the lever swing along actin (Fig. 5a–c). 
If we extend our structures to full lever length (Methods), the axial 
working stroke is about 34 nm, which is consistent with the distance 
between preferred binding sites on actin7 (Fig. 5a). There is a small (4°) 
right-handed component to the lever swing (Fig. 5b,c) and a small (2.5°) 
right-handed torsion of the lever around its own axis, such that the 
lever tips are displaced from one another approximately 7° azimuth-
ally around the actin axis.

To mimic the walking molecule, we placed a postPS and primed motor, 
with full-length levers, 13 actin subunits apart along an actin filament, 
as if they were the trailing and leading heads, respectively, of a myosin-5 
double-headed molecule (Fig. 5d–f). The ends of the two levers were 
slightly displaced from each other azimuthally but were close axially 
along the filament. This shows that only slight bending of the levers or 
variation in actin helical symmetry7 is needed to unite the heads onto 
the coiled-coil tail, as is observed by EM35,38. During walking, there is thus 
no need for a forward diffusive search by the detached head.

Together, these findings show that the myosin-5 motor is able to 
generate motion very effectively, producing an almost linear motion 
over a distance that is close to the typical step size along actin and is 
thus well adapted to its cargo-carrying function.

Conclusions
By use of time-resolved cryo-EM, we have captured an actomyosin com-
plex in the primed state and solved its structure to a global resolution 
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Fig. 5 | Myosin-5 working stroke and walking on F-actin. a, Overlay of primed 
and postPS actomyosin structures with full-length levers, coloured in dark blue 
and cyan, respectively, on actin in side view. A working stroke of approximately 
34 nm is seen as well as little rotation of the lever, as highlighted. b,c, End-on (b) 
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of 4.4 Å. Primed myosin initially binds actin through its lower 50-kDa 
subdomain. Owing to the high conservation in the primed actomyosin 
interface, the structure of this state is probably conserved across myo-
sin classes and as such provides a valuable model for understanding 
the effects of disease-causing myosin mutations. Our time-resolved 
data show a primed actomyosin structure transitioning to a postPS 
structure, directly demonstrating the swinging lever mechanism, and 
enabling us to propose a mechanism for how actin catalyses both the 
structural transition and the release of the products of ATP hydrolysis.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-025-08876-5.

1. Hartman, M. A. & Spudich, J. A. The myosin superfamily at a glance. J. Cell Sci. 125,  
1627–1632 (2012).

2. Huxley, H. E. & Kress, M. Crossbridge behaviour during muscle contraction. J. Muscle Res. 
Cell Motil. 6, 153–161 (1985).

3. Robert-Paganin, J., Pylypenko, O., Kikuti, C., Sweeney, H. L. & Houdusse, A. Force generation 
by myosin motors: a structural perspective. Chem. Rev. 120, 5–35 (2020).

4. Klebl, D. P., White, H. D., Sobott, F. & Muench, S. P. On-grid and in-flow mixing for time- 
resolved cryo-EM. Acta Crystallogr. D 77, 1233–1240 (2021).

5. Forgacs, E. et al. Switch 1 mutation S217A converts myosin V into a low duty ratio motor.  
J. Biol. Chem. 284, 2138–2149 (2009).

6. Yengo, C. M. & Sweeney, H. L. Functional role of loop 2 in myosin V. Biochemistry 43, 
2605–2612 (2004).

7. Fineberg, A. et al. Myosin-5 varies its step length to carry cargo straight along the 
irregular F-actin track. Proc. Natl Acad. Sci. USA 121, e2401625121 (2024).

8. Schröder, R. R. et al. Three-dimensional atomic model of F-actin decorated with 
Dictyostelium myosin S1. Nature 364, 171–174 (1993).

9. Rayment, I. et al. Structure of the actin-myosin complex and its implications for muscle 
contraction. Science 261, 58–65 (1993).

10. Conibear, P. B., Bagshaw, C. R., Fajer, P. G., Kovács, M. & Málnási-Csizmadia, A. Myosin 
cleft movement and its coupling to actomyosin dissociation. Nat. Struct. Mol. Biol. 10, 
831–835 (2003).

11. Trivedi, D. V. et al. Direct measurements of the coordination of lever arm swing and the 
catalytic cycle in myosin V. Proc. Natl Acad. Sci. USA 112, 14593–14598 (2015).

12. Huxley, H. E. et al. Changes in the X-ray reflections from contracting muscle during  
rapid mechanical transients and their structural implications. J. Mol. Biol. 169, 469–506 
(1983).

13. Geeves, M. A. & Holmes, K. C. Structural mechanism of muscle contraction. Annu. Rev. 
Biochem. 68, 687–728 (1999).

14. Debold, E. P. Recent insights into the relative timing of myosin’s powerstroke and release 
of phosphate. Cytoskeleton 78, 448–458 (2021).

15. Wulf, S. F. et al. Force-producing ADP state of myosin bound to actin. Proc. Natl Acad. 
Sci. USA 113, E1844–E1852 (2016).

16. Mentes, A. et al. High-resolution cryo-EM structures of actin-bound myosin states  
reveal the mechanism of myosin force sensing. Proc. Natl Acad. Sci. USA 115, 1292–1297 
(2018).

17. Woody, M. S., Winkelmann, D. A., Capitanio, M., Ostap, E. M. & Goldman, Y. E. Single 
molecule mechanics resolves the earliest events in force generation by cardiac myosin. 
Elife 8, e49266 (2019).

18. Pospich, S., Sweeney, H. L., Houdusse, A. & Raunser, S. High-resolution structures of  
the actomyosin-V complex in three nucleotide states provide insights into the force 
generation mechanism. eLife 10, e73724 (2021).

19. Planelles-Herrero, V. J., Hartman, J. J., Robert-Paganin, J., Malik, F. I. & Houdusse, A. 
Mechanistic and structural basis for activation of cardiac myosin force production by 
omecamtiv mecarbil. Nat. Commun. 8, 190 (2017).

20. Llinas, P. et al. How actin initiates the motor activity of myosin. Dev. Cell 33, 401–412 
(2015).

21. Kontziampasis, D. et al. A cryo-EM grid preparation device for time-resolved structural 
studies. IUCrJ 6, 1024–1031 (2019).

22. Scarff, C. A. et al. Structure of the shutdown state of myosin-2. Nature 588, 515–520 
(2020).

23. Dutta, D., Nguyen, V., Campbell, K. S., Padron, R. & Craig, R. Cryo-EM structure of the 
human cardiac myosin filament. Nature 623, 853–862 (2023).

24. Bunduc, C. M. et al. Structure and dynamics of a mycobacterial type VII secretion system. 
Nature 593, 445–448 (2021).

25. Pronker, M. F. et al. Sialoglycan binding triggers spike opening in a human coronavirus. 
Nature 624, 201–206 (2023).

26. Ecken, Jvd, Heissler, S. M., Pathan-Chhatbar, S., Manstein, D. J. & Raunser, S. Cryo-EM 
structure of a human cytoplasmic actomyosin complex at near-atomic resolution. Nature 
534, 724–728 (2016).

27. Robert-Paganin, J. et al. The actomyosin interface contains an evolutionary conserved 
core and an ancillary interface involved in specificity. Nat. Commun. 12, 1892 (2021).

28. Croll, T. I. ISOLDE: a physically realistic environment for model building into 
low-resolution electron-density maps. Acta Crystallogr. D 74, 519–530 (2018).

29. Yount, R. G., Lawson, D. & Rayment, I. Is myosin a “back door” enzyme? Biophys. J. 68, 
44S–49S (1995).

30. Reubold, T. F., Eschenburg, S., Becker, A., Kull, F. J. & Manstein, D. J. A structural model for 
actin-induced nucleotide release in myosin. Nat. Struct. Biol. 10, 826–830 (2003).

31. Cook, R. K., Blake, W. T. & Rubenstein, P. A. Removal of the amino-terminal acidic residues 
of yeast actin. Studies in vitro and in vivo. J. Biol. Chem. 267, 9430–9436 (1992).

32. Sutoh, K., Ando, M., Sutoh, K. & Toyoshima, Y. Y. Site-directed mutations of Dictyostelium 
actin: disruption of a negative charge cluster at the N terminus. Proc. Natl Acad. Sci. USA 
88, 7711–7714 (1991).

33. Muretta, J. M., Rohde, J. A., Johnsrud, D. O., Cornea, S. & Thomas, D. D. Direct real-time 
detection of the structural and biochemical events in the myosin power stroke. Proc. Natl 
Acad. Sci. USA 112, 14272–14277 (2015).

34. Rosenfeld, S. S. & Sweeney, L. H. A Model of myosin V processivity. J. Biol. Chem. 279, 
40100–40111 (2004).

35. Burgess, S. et al. The prepower stroke conformation of myosin V. J. Cell Biol. 159, 983–991 
(2002).

36. Walker, M. L. et al. Two-headed binding of a processive myosin to F-actin. Nature 405, 
804–807 (2000).

37. Várkuti, B. H. et al. A novel actin binding site of myosin required for effective muscle 
contraction. Nat. Struct. Mol. Biol. 19, 299–306 (2012).

38. Gravett, M. S. C. et al. Exploiting cryo-EM structures of actomyosin-5a to reveal the 
physical properties of its lever. Structure 32, 2316–2324 (2024).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41586-025-08876-5
http://creativecommons.org/licenses/by/4.0/


Methods

Sample preparation
Rabbit skeletal actin in monomeric form (globular actin (G-actin)) was 
prepared as previously described39. Polymerization to F-actin was per-
formed by mixing about 300 µM G-actin with 10% (v/v) cation exchange 
buffer (3 mM MgCl2, 11 mM EGTA, pH 7.0), incubating for 5 min on ice, 
adding 10% (v/v) polymerization buffer (120 mM MOPS, 300 mM KCl, 
12 mM MgCl2, 1 mM EGTA, pH 7.0) and incubating the mixture over-
night on ice. Mouse myosin-5a head fragment (subfragment 1, S1), 
coding for amino acids 1–797 (one IQ calmodulin-binding motif) and 
carrying the switch 1 S217A substitution, loop 2 DDEK(594–597) dele-
tion and C-terminal Flag purification tag (Supplementary Fig. 2), was 
expressed using pVL1392 baculovirus transfer vector and purified as 
previously described5. Disodium ATP was obtained from Roche, and 
ADP was obtained from Sigma Aldrich.

Kinetic measurements
Transient kinetics of actomyosin ATP hydrolysis were measured by use 
of a Hitech Scientific stopped-flow apparatus with single or double 
mixing, as appropriate. All stopped-flow experiments were carried 
out at 20 °C with a final buffer concentration of 37.5 mM potassium 
acetate, 25 mM KCl, 10 mM MOPS (pH 7.0), 2.25 mM MgCl2, 0.1 mM 
EGTA, 0.25 mM dithiothreitol in the cell. See Supplementary Fig. 3 for 
specific method information.

Time-resolved cryo-EM grid preparation
Time-resolved cryo-EM experiments were carried out using a 
custom-built set-up previously described21 with modifications to allow 
two mixing steps. A photo and schematic of the set-up are shown in 
Supplementary Fig. 1. The flow rates for each individual syringe were 
2.1 µl s−1. In the first mixing step, myosin-5 at 51 µM in 10 mM MOPS, 
100 mM KCl, 3 mM MgCl2, 0.1 mM EGTA pH 7.0 was mixed 1:1 with 1 mM 
ATP in reaction buffer (10 mM MOPS, 50 mM potassium acetate, 2 mM 
MgCl2, 0.1 mM EGTA pH 7.0). The mixture of myosin and nucleotide at 
a flow rate of 4.2 µl s−1 was met by two 2.1 µl s−1 flows of F-actin at 25 µM 
(subunit concentration in reaction buffer) in the flow-focusing region 
of the spray nozzle to create a mixture of actin and myosin comprising 
13 µM myosin, 13 µM actin, 250 µM ATP, 10 mM MOPS, 38 mM potassium 
acetate, 25 mM KCl, 2 mM MgCl2 and 0.1 mM EGTA at pH 7.0, and a total 
flow rate of 8.4 µl s−1. This final mixture was sprayed onto an EM grid.

The average time delay from the first mixing step to the spray nozzle  
was 2.2 s, given a flow rate of 4.2 µl s−1, tube length of 7 cm, inner dia-
meter of 0.38 mm and dead volumes of 1.0 and 0.3 µl for mixer and 
nozzle, respectively. The spray nozzles used here have been described 
and characterized previously4,40. The nozzle-to-grid distance at the 
point of sample application was 1.3 cm, and the droplet speed was 
≥30 m s−1, resulting in a time-of-flight for the droplets of less than 1 ms. 
With a vertical distance of 1.7 cm between the spray nozzle and the 
liquid ethane surface and a grid speed of 1.8 m s−1, the time delay was 
calculated to be 10 ms (10 ± 2 ms). The nozzle was operated in spraying 
mode with a spray gas pressure of 2 bar.

A longer time delay of about 120 ms was obtained by increasing the 
vertical distance between the nozzle and the ethane surface to 5.2 cm 
and pausing the grid after passing the spray. In these experiments, the 
sample mixture was incubated for an additional ≈100 ms on-grid, before 
plunging it into liquid ethane for vitrification. The total time delay from 
droplet application to vitrification was 120 ms (122 ± 5 ms), including 
deceleration, 100 ms pause and acceleration. Otherwise, the condi-
tions for grid preparation were the same as for the 10 ms time point.

All grids were prepared at room temperature (about 20 °C) and 
at >60% relative humidity in the environmental chamber of the 
time-resolved EM device. Self-wicking grids were supplied by SPT 
Labtech and used after glow discharge in a Cressington 208 Carbon 
coater with a glow-discharge unit for 60 s at 0.1 mbar air pressure and 

10 mA. Four replicate grids were prepared for each time point, three 
of which were taken forward for data collection.

A typical feature of grids made by spraying is thicker ice compared 
to those prepared using more standard approaches41, such as by the 
use of the Vitrobot. This is due to the requirement for the drops to 
‘thin’ after deposition on the grid, which can be limited by the short 
time between spraying and vitrification. This increase in ice thickness 
will be an important factor in limiting the resolution to about 4.0 Å, 
alongside conformational flexibility18.

Rigor actomyosin cryo-EM grid preparation
A 3 µl volume of pre-mixed F-actin and myosin (1:1 ratio with a final 
concentration of 1 µM) was applied to a Quantifoil R2/2 300 mesh grid 
that had been glow-discharged in a Cressington 208 Carbon coater 
for 30 s at 0.1 mbar air pressure and 10 mA before use. Grids were pre-
pared by use of a Vitrobot Mark IV (ThermoFisher), with a blot time of 
6 s and a blot force of 6 at 4 °C and 95% humidity with vitrification in 
liquid ethane.

EM data gathering and processing
EM data were collected on a Titan Krios microscope equipped with a 
Gatan K2 direct electron detector operated in counting mode using 
the EPU software version 2.12 distributed by Thermo Scientific. The 
main data collection and processing parameters for the time-resolved 
EM grids are listed in Extended Data Table 1. A schematic overview of 
the processing pipeline is given in Supplementary Fig. 4. Data from 
three grids were collected for each time point. All processing was 
carried out using RELION-3.1 (ref. 42), unless otherwise mentioned. 
Micrographs were corrected for beam-induced motion using Moti-
onCor2, and CTF estimation was carried out using GCTF43,44. Actin 
filaments were manually picked and processed using standard helical 
processing methods45 (Supplementary Fig. 4). After CTF-refinement 
and Bayesian polishing, all six datasets were combined, and a helical 
consensus structure was calculated (Supplementary Fig. 4c). Using 
focused three-dimensional (3D) classification without alignment 
(non-helical) and a mask that covered the central myosin-binding site 
(Supplementary Fig. 4d), particles were classified into actomyosin 
states or bare actin, with a small fraction of particles left unassigned. 
Despite performing multiple rounds of 3D classification, we found that 
actomyosin particles were classified into either a primed actomyosin 
state, with a primed lever and an open actin-binding cleft, or a postPS 
actomyosin state, with a postPS lever and a closed actin-binding cleft 
(Supplementary Fig. 4d,e). No other actomyosin states were identi-
fied. The final reconstruction of free actin was obtained by helical 
refinement. Primed and postPS actomyosin were refined helically 
and after partial signal subtraction, as single particles (Supplemen-
tary Fig. 4c–e). Post-processing was performed in RELION and in  
DeepEMhancer46.

To quantify the conversion of primed actomyosin to postPS actomyo-
sin between the 10 ms and 120 ms time points, and consistency of this 
between grids, each particle used in the primed and postPS structures 
was assigned back to the grid from which it was imaged, and then the 
total number of primed particles was expressed as a proportion of all 
particles assigned to each grid.

For unbound myosin-5, the processing parameters are listed in 
Extended Data Table 1, with an overview of the processing pipeline 
shown in Supplementary Fig. 5. Unbound myosin-5 particles were 
picked from a subset of micrographs of the 120 ms time-resolved data. 
As a result of thicker ice, unbound myosin particles were not picked 
from the 10-ms data. After one round of 2D classification, good particles 
were used to train a crYOLO model47. With the trained model, particles 
were picked from the entire 120-ms dataset, leading to a final selection 
of 23,930 particles after 1 round of 2D and 1 round of 3D classification. 
The final 3D refinement after Bayesian polishing was performed using 
non-uniform refinement in cryoSPARC48.
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For rigor actomyosin-5, the processing parameters are listed in 

Extended Data Table 3, with an overview of the processing pipeline 
shown in Supplementary Fig. 6. Particles were manually picked from 
a subset of micrographs, and after one round of 2D classification, 
good particles were used to train a crYOLO model47. With the trained 
model, particles were picked from the entire rigor dataset, leading to 
a final selection of 85,986 particles after 1 round of 2D classification. 
The particles then underwent two rounds of 3D helical refinement 
and Bayesian polishing. Following particle polishing, signal outside 
the masked actomyosin complex (myosin and the central three actin 
subunits) was subtracted. The subtracted particles then underwent  
2 rounds of focused classification on the myosin motor domain leading 
to a final selection of 21,890 particles. The final 3D refinement was then 
performed using non-uniform refinement in cryoSPARC 3.2.0 (ref. 48).

Pseudo-atomic models
Homology pseudo-atomic models for primed and postPS actomyosin-5 
structures were generated using Modeller in Chimera on the basis 
of the Protein Data Bank (PDB) files shown in Extended Data Table 1 
(refs. 49,50). Each model comprised three actin subunits and one 
myosin-5 motor domain. Refinement of these models was performed 
using Coot51, with subsequent refinement of the nucleotide pocket in 
ISOLDE, implementing the hydrogen bonding coordination to the Pi 
groups as described in ref. 5 and Y119 coordination as described in ref. 18 
as harmonic restraints during flexible fitting28. Real-space refinement 
was performed using Phenix52.

To permit elucidation of interactions occurring at the actomyosin 
interface, we used MD simulations as a further model refinement tool. 
These were performed with the Amber FF14SB forcefield and a GBSA 
(generalized Born with solvent-accessible surface area) implicit solvent 
model following the method described in ref. 22 with position restraints 
on all backbone atoms using a restraint weight of 10 kcal mol−1 Å−2 and 
a production run time of 3 ns. Interactions that were observed for at 
least half of the simulation time were included in the pseudo-atomic 
model. The D-helix and the actin N-terminal interactions with myosin 
were further refined by use of ISOLDE28 using default parameters and 
implementing the hydrogen bonding coordination to the nucleotide 
as described in refs. 5,18 as harmonic restraints during flexible fitting 
of the D-helix.

To enable interpretation of our mutant rigor actomyosin-5 cryo-EM 
density map, we rigidly fitted existing rigor actomyosin-5 PDB struc-
tures generated by ref. 18, into the map. The myosin chain from PDB 
ID 7PLV was well accommodated into the map, especially within the 
converter region (Extended Data Fig. 6f). Therefore, we used this as a 
model for our rigor myosin-5 structure to enable us to compare it to 
our postPS actomyosin-5 structure (Extended Data Fig. 6f,g).

To illustrate our proposed mechanism of force generation and actin 
activation (Supplementary Video 4), we separated out the motions 
of cleft closure and power stroke into a suggested time sequence. 
To achieve this, a chimeric model of primed and postPS actomyosin 
was generated to represent a midway point in the primed-to-postPS 
transition of myosin. This included myosin chain numbering: amino 
acids 1–128 primed, amino acids 129–449 postPS, amino acids 450–507 
primed, amino acids 508–632 postPS, amino acids 633–763 primed. 
Structures were visualized in Chimera. Videos were generated by use 
of Chimera, Adobe Aftereffects and Adobe Premiere.

MD simulations
We originally used implicit solvent MD simulations, with short (3 ns) 
production run times, to establish interactions that may be occurring 
at the actomyosin interface. To test whether the side-chain interac-
tions observed in our primed and postPS actomyosin models at the 
interface between actin and loop 2 and between actin and helix W 
persist over longer times when subjected to thermal fluctuations, we 
performed longer MD simulations (>100 ns; wall clock time of about 

5 days), with three independent replicates in explicit solvent conditions 
for each model. All simulations were run in AMBER16 (refs. 53,54; GPU 
version PMEMD-CUDA) on all atom systems parameterized with the 
charmm36m forcefield55 and built using CHARMM-GUI56. The primed 
and postPS actomyosin structures were prepared for MD simulations 
using the CHARMM-GUI solution builder56–58. The ADP present in both 
structures and the Pi present in the primed structure were parameterized 
from the CHARMM-GUI library with the Pi built as H2PO4. All N termini 
present in the models were acetylated and C termini were made neutrally 
charged. A TIP3P octahedral water box (Supplementary Fig. 7) was built 
for each structure using 25 mM KCl, 38 mM potassium acetate and 2 mM 
MgCl2 (pH 7.0) with a diameter of 186 Å for primed and 172 Å for postPS 
actomyosin; each system had a total atom count of 468,219 and 369,572 
for primed and postPS, respectively. The simulations were then run at a 
constant temperature of 300 K and constant pressure ensemble (NPT). 
Simulations were run with position restraints on all backbone atoms 
using a restraint weight of 5 kcal mol−1 Å−2, allowing side chains to move. 
Each condition was run in triplicate using a different random seed to 
initiate the starting velocities. Trajectories (Supplementary Videos 5 
and 6) were analysed using Chimera, and distance plots for atom–atom 
interaction distances were prepared using GraphPad Prism (Extended 
Data Fig. 2). The percentage of time that interacting atoms were within 
H-bonding distance (3.3 Å) was outputted (Extended Data Table 2).

Myosin-5 full-length lever model
A model F-actin filament 17 subunits long was created by 7 superposi-
tions of our 3-actin-subunit model. Full-length levers (to residue 909) 
were added onto our primed and postPS actomyosin structures by 
super-imposing levers from PDB ID 7YV9 chain A, aligned on the con-
verter domain (residues 699–750). Lever swing and azimuthal displace-
ment were measured using the measurement tools in Chimera.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The electron density maps and atomic models for unbound primed 
myosin-5, primed actomyosin-5 and postPS actomyosin-5 have been 
deposited into the Electron Microscopy Data Bank (EMDB), with the 
accession codes EMD-19031, EMD-19013 and EMD-19030, and the PDB 
with the accession codes 8RBG, 8R9V and 8RBF, respectively. The elec-
tron density map for rigor actomyosin-5 has been deposited into the 
EMDB with the accession code EMD-50594. The following models were 
used for comparison purposes in our study—actomyosin-5 rigor struc-
tures PDB IDs: 7PLT, 7PLU, 7PLV, 7PLW and 7PLZ; and actomyosin-5 
strong-ADP structures PDB IDs: 7PM5, 7PM6, 7PM7, 7PM8 and 7PM9. 
Each MD trajectory and parameter–topology file for primed and 
postPS structures for each MD simulation replicate is provided along 
with the starting models at figshare via https://doi.org/10.6084/
m9.figshare.24948180 (ref. 59).
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Extended Data Fig. 1 | Time dependence of the proportion of primed state 
actomyosin. Proportion of the primed state vitrified at 10 ms or 120 ms after 
mixing myosin and F-actin. Shown is the mean as grey bars and replicates as 
black points, n = 3 biologically independent (discrete) experiments for the 
10 ms and 120 ms time points respectively.



Extended Data Fig. 2 | Molecular dynamics analysis of actin N-terminal 
interactions with myosin loop2, helixW and the activation loop.  
a,b, Portion of the primed actomyosin density map and fitted structures, 
displaying the putative interactions between -actin’s N-terminal region and 
myosin (a) helixW/loop2 and (b) activation loop. c–h, Time courses of the 
distance between atoms involved in interactions in primed actomyosin during 
three 100 ns molecular dynamics simulations (cyan, sea green, blue). Each 
interaction is identified at the top of its panel. ACE refers to the oxygen atom of 
the acetyl group of -actin D1. i,j, Same as a,b but showing the equivalent views 
for the postPS structure. k–p, Same as c–h but showing time courses of putative 

interactions in the postPS structure. For all time courses, the average % time 
that the interatomic distance is within bonding range (3.3 Å; horizontal dotted 
line in each time course) across the three replicates is shown in the top left of 
each plot, and within Extended Data Table 2. Note that the most significant 
change in distance between atoms involved in interactions is for E2(OE1)- 
N641(ND2) shown in panel e. This is because, within the simulations, E2 switched 
between interacting with N641(ND2) via its OE1 and its OE2 atom. N641 also 
switches side chain position to form metastable interactions with H637. Despite 
these alternative interactions, the interaction shown is populated the most  
(48 % of the time).
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Extended Data Fig. 3 | Atomic model of myosin-5a in the primed state. a, The 
EM density map of unbound myosin-5 with the crystal structure (PDB ID 4zg4) 
fitted directly (grey) and after flexible fitting (with subdomains colored, U50 
pink, L50 green, N-term gold, converter blue, HLH orange). b, Relay helix from 
PDB ID 4zg4 fitted into EM density map for unbound myosin-5 directly and  
c, after flexible fitting. d, Converter domain of PDB ID 4zg4 fitted into EM density 

map for unbound myosin-5 directly and e, after flexible fitting. f, Global 
superposition of the primed actomyosin-5 (coloured as in Fig. 1) and unbound 
primed myosin-5 (coloured olive green) shows a similar structure with no 
significant changes in domain architecture. g, r.m.s.d. of myosin residues 
between primed actomyosin and primed myosin.
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Extended Data Fig. 4 | RMSD between primed and postPS actomyosin 
structures. a–c, Primed actomyosin PDB coloured by RMSD between primed 
and postPS actomyosin shown in a, end-on view of F-actin, looking towards the 
pointed end with myosin bound to the top of the actin; b, side view; c, top view, 

looking down over the motor domain. d–f, The same views as a–c respectively, 
but with vector arrows (in black) showing displacement in relative Cα positions 
between primed and postPS actomyosin motor domains.
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Extended Data Fig. 5 | PostPS actomyosin structure. CryoEM density map  
of the postPS actomyosin-5 complex, segmented and coloured by myosin 
subdomains and actin chains as indicated (with central three actin subunits 
displayed). Map thresholded to show secondary structure (threshold 0.15). 
Shown in (a) side view of actin and in (b) in end-on view of F-actin, looking 
toward the pointed end. c, Backbone depiction of atomic model of postPS 
actomyosin-5, fitted into the EM density map, with view as in b. Actin subunits 
are shown in slate grey (−end), blue-grey (+end), and light grey. d, Magnified 
view of the U50, loop2, HCM loop and loop4 contacts to actin. Relevant 
interacting residues are labelled and shown with hydrophobic residues in 
yellow. e, Magnified view of the primed and postPS actomyosin states focused 
on the activation loop-actin N-terminal interaction interface to show formation 

of a salt bridge between K502 and E4 only in the postPS structure. f, PostPS 
nucleotide pocket fit to EM density (map threshold 0.0096). g, PostPS structure, 
focused on converter domain. The lever position is more consistent with that 
observed in previous actomyosin-5 rigor structures (purple pipes, PDB IDs: 
7PLT, 7PLU, 7PLV, 7PLW, 7PLZ) than actomyosin-5 strong-ADP structures 
(turquoise pipes, PDB IDs: 7PM5, 7PM6, 7PM7, 7PM8, 7PM9). h, Nucleotide pocket 
of actomyosin structure 7PM5 fitted to our postPS EM density highlighting 
unfilled magnesium density with a dashed circle. i, Nucleotide pocket of 
actomyosin structure 7MP5 fitted to corresponding density EMDB ID: 13521 
(map threshold 0.0197). DeepEMhancer post-processed map depicted in a–d, g, 
and *RELION post-processed map in e,f,h,i.



Extended Data Fig. 6 | Rigor actomyosin structure. CryoEM density map of 
our rigor actomyosin-5 complex, segmented and coloured by myosin subdomains 
and actin chains as indicated (with central three actin subunits displayed). Map 
thresholded to show secondary structure (threshold 0.014). Shown in (a) side 
view of F-actin and (b) end-on view of F-actin, looking toward the pointed end. 
c, Backbone depiction of atomic model of rigor myosin-5 structure PDB ID 7PLV 
and actin from our postPS actomyosin-5 structure, rigidly fitted into the EM 

density map, with view as in b. Actin subunits are shown in slate grey (−end), 
blue-grey (+end), and light grey. d,e, Focused views of myosin-5 7PLV model in 
our rigor cryoEM density map segmented and coloured by myosin subdomains 
as in c (threshold 0.014). f, Magnified view of the rigor 7PLV converter domain 
fit to rigor cryoEM density map. g, Comparison of lever conformation between 
7PLV rigor coloured as in d and postPS coloured grey, highlighting the 6° 
displacement of lever helix on ADP release (aligned on actin).

https://doi.org/10.2210/pdb7PLV/pdb
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Extended Data Fig. 7 | Actin structure. Actin structure is preserved between 
(a) actin alone, (b) primed actomyosin, and (c) postPS actomyosin, except at 
the N-terminus where it becomes ordered when myosin binds. D-loop density 
also becomes more ordered when associated with myosin. The density observed 

for the N-terminal four residues of actin is absent in (d) vacant actin, and 
different between (e) primed actomyosin, and (f) postPS actomyosin.  
ACE denotes the acetyl group of D1.



Extended Data Table 1 | Data collection, processing, and refinement statistics for time-resolved EM data, for three 
collections at 10 ms (a,b,c) and 120 ms (e,f,g) respectively

Data from all six datasets were combined and processed to give rise to the primed and postPS actomyosin cryoEM density maps. Data from the 120 ms dataset were used to produce the 
unbound myosin-5 cryoEM density map.
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Extended Data Table 2 | Actin N-terminal interactions with myosin-5, derived from molecular dynamics analysis with each 
interacting residue and atom specified

Primed actomyosin
Actin residue (atom ID) Myosin residue (atom ID) % time of 

interaction
D1 (O-ACE) H631 (NE2) 39
D1 (OD1) H637 (NE2) 96
E2 (OE1) N641 (ND2) 48*
D24 (OD2) K629 (NZ) 100
D25 (OD1) K632 (NZ) 100
E4 (OE2) K502 (NZ) 0

PostPS actomyosin
Actin residue (atom ID) Myosin residue (atom ID) % time of 

interaction
E2 (OE1) K629 (NZ) 95
E2 (OE2) K633 (NZ) 98
E2 (OE1) H637 (NZ2) 95
E2 (OE2) N641 (ND2) 90
D25 (OD2) K632 (NZ) 94
E4 (OE1) K502 (NZ) 100

The % time of interaction was determined by calculating the percentage time the atoms specified were within a 3.3 Å distance, across three independent simulations of >100 ns each. O-ACE 
refers to the oxygen atom of the acetyl moiety of D1. *N641 (ND2) was observed to interact with both the OE1 and OE2 oxygens of actin residue E2 and the % interaction time was 51% when  
averaged across both E2 oxygens.



Extended Data Table 3 | Data collection and processing parameters for rigor actomyosin data

Rigor actomyosin
(EMDB-50594)

Data collection and 
processing
Magnification   130,000 x
Voltage (kV) 300
Electron exposure (e–/Å2) 56.5
Defocus range (μm) 1 to -3
Pixel size (Å) 1.07
Initial particle images (no.) 128932
Final particle images (no.) 21890
Map resolution (Å) FSC (0.143) 4.9
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