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Myosin-2 is essential for processes as diverse as cell division and muscle contraction. 
Dephosphorylation of its regulatory light chain (RLC) promotes an inactive, ‘shutdown’ 
state with the filament-forming tail folded onto the two heads1, preventing filament 
formation and inactivating the motors2. The mechanism by which this happens is obscure. 
Here we report a cryo-electron microscopy structure of shutdown smooth muscle myosin, 
with a resolution of 6 Å in the head region. A pseudo-atomic model, obtained by flexible 
fitting of crystal structures into the density and molecular dynamics simulations, 
describes interaction interfaces at the atomic level. The N-terminal extension of one RLC 
interacts with the tail and the other with the partner head, revealing how the RLCs 
stabilise the shutdown state in different ways and how their phosphorylation would allow 
myosin activation. Additional interactions between the three segments of the coiled coil, 
the motor domains and LCs stabilise the shutdown molecule. The structure of the lever 
in each head is competent to generate force upon activation. This shutdown structure is 
relevant to all myosin-2 isoforms and provides a framework for understanding their 
disease-causing mutations. 

Myosin-2 is a molecular motor that interacts with actin using the energy from ATP hydrolysis 
to generate force and movement. It comprises two heavy chains, two essential light chains 
(ELC) and two regulatory light chains (RLC). The first ~800 residues of the heavy chain form 
the globular motor, which contains binding sites for actin and nucleotide. The remaining heavy 
chain forms an α-helix, in which the proximal region complexes with one ELC and one RLC 
to form a stiff light chain domain (LCD) that transmits motor force via a lever mechanism. The 
motor and the LCD comprise the myosin head. C-terminal to the LCD, the two heavy chains 
dimerise to form a 160-nm coiled-coil tail. The coiled coil contains the typical seven residue 
heptad repeat3, interrupted by three ‘skip’ residues in smooth muscle and non-muscle myosin-
2 isoforms.  

In the active state of smooth muscle myosin (SmM), the two RLCs are phosphorylated4 and 
the tails are polymerised into thick filaments. Dephosphorylation of S20 and/or T19 within the 
N-terminal extension of the RLCs4,5 triggers an extraordinary transformation into a monomeric, 
shutdown state, in which both motors are trapped in a primed state, phosphate release is 
inhibited and ATPase activity is very low6. The two motor domains are organised into an 
asymmetric, interacting heads motif (IHM) (Fig. 1a), in which part of the actin-binding 
interface of the motor in the ‘blocked’ head is positioned onto the converter domain of the 
motor in the ‘free’ head, preventing interaction with actin7. The coiled-coil tail folds into three 
segments and wraps around the heads8,9.  
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The shutdown state and IHM appear conserved across myosin-2 isoforms1,8. It may have 
originated to sequester motors from their interaction with actin and facilitate transport or 
movement of myosin within the cytoplasm. Its formation is driven by RLC dephosphorylation 
or, in some invertebrate muscles, by release of Ca2+ from the ELC10. In vertebrate striated 
muscle IHM can form spontaneously9. In resting striated muscle, the IHM, in which the heads 
interact with tail segment-111, correlates with suppressed ATPase activity12,13. Mutations that 
disrupt these interactions may cause cardiomyopathies14,15.  

Structural studies of the shutdown state have been limited to 20 Å7,16, limiting our 
understanding of the key interactions required for formation, maintenance and release of the 
shutdown state, the role of the RLCs in this transformation, and how ATPase activity and 
filament formation are suppressed.  

We report a sub-nanometre cryo-electron microscopy (cryoEM) structure of shutdown SmM, 
which allows the structure of a two-headed myosin to be seen in unprecedented detail (Fig. 1, 
Extended data Fig. 1 and Supplementary Video 1). This was fitted by pseudo-atomic models 
to allow detailed interpretation (Methods). The density for segment-3 shows a skip residue 
perturbation that was best fit by placing the skip residue Q1592 centrally within it. This fit 
assigns tail bend-2 to G1530, a point of weakness previously identified as the bend site from 
tail segment lengths17 (Fig. 1b, c).  

RLC stabilisation of the shutdown state  

Interactions between the N-terminal extension of the RLCs and the rest of the molecule are 
crucial to understanding how the shutdown state is stabilised. Our EM structure reveals the 
positions of the N-terminal extension for the RLCs of both blocked- and free heads, and shows 
that they are different, suggesting that phosphorylation unlocks different interactions within 
the shutdown molecule for each RLC.  

In the blocked-head RLC, the phosphorylatable serine, S20, lies close to two 
negatively-charged residues, E1558 and D1559, in segment-3 (Fig. 1d, e). Phosphorylated S20 
would clash sterically with the side chain of E1558 (Extended Data Fig. 2a, b). There is no 
crystal structure for the remaining N-terminal extension. However, unfilled density from the 
blocked-head RLC continues close behind segment-3, where four positively-charged residues, 
K12, K13, R14 and R17 (Fig. 1g) that stabilise the shutdown state18 could make ionic 
interactions with negatively-charged residues (between E1556 and E1565) in segment-3 and in 
the C-lobe of the blocked-head RLC (D132) (Fig. 1e). Both helices of segment-3 are thus 
captured by this ‘latch’ and held close to the blocked-head RLC. Phosphorylated T19 and S20 
would repel the negatively-charged region of segment-3, and this, combined with a potential 
alteration in structure19, would open the latch between the RLC and segment-3, freeing the tail 
and disrupting the shutdown state.  

In the free-head RLC, the N-terminal extension, rearwards of S20, continues as unfilled density 
to the top of the head-tail junction and across the top of the free-head RLC (Fig. 1d, f). It 
appears to cement the two RLCs together, hence the term ‘mortar’. Positively-charged residues 
(K12, K13, R14 and R17) in the mortar could form stabilising ionic interactions with 
negatively-charged residues in both RLCs (Fig. 1f). Additional hydrophobic interactions 
between the free- and blocked-head RLC help stabilise this interaction (Fig. 1f). 
Phosphorylation of S20 in the free-head RLC would disrupt this RLC-RLC interaction and 
destabilise the IHM (Extended Data Fig. 2a, c).  

Both RLC N-terminal extensions are surface exposed and their weaker EM density suggests 
they are mobile. The free-head RLC may be phosphorylated by myosin light chain kinase first, 
as the blocked-head RLC is juxtaposed with the folded tail, and thus less available. This is 
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consistent with observations that in SmM, phosphorylation of 50% of the total sites only 
slightly activates the ATPase activity and phosphorylation of RLC is ordered while in heavy 
meromyosin, which lacks segments 2 and 3, RLC phosphorylation is random20-22. The mobility 
of the N-terminal extensions may enable the kinase to phosphorylate the RLCs in situ in the 
shutdown state, rather than requiring the structure to open transiently.  

In striated muscle thick filaments, the RLCs have similar complementary basic and acidic 
residues so the mortar may form and help stabilise the IHM11. All human RLCs contain a 
phosphorylatable serine residue at the equivalent position of that in SmM23. Its phosphorylation 
modulates striated muscle contraction and is critical for normal cardiac output24. The mortar is 
on the outward-facing side of the IHM11, where it could be accessible for phosphorylation.  

The C-lobe of the blocked-head RLC and the LCD-heavy chain makes ionic and hydrophobic 
interactions with segment-3 (Extended Data Fig. 2d-i, Extended Data Table 2). The interaction 
of RLC E112 with segment-3 R1584 is interesting as E112 is conserved across many myosin-
2 isoforms but is replaced by proline in vertebrate striated-muscle myosins, potentially 
explaining their incomplete folding9. Our model demonstrates that blocked-head RLC C109 
would most likely crosslink to segment-3 K1579 (Extended Data Fig. 2 g-i), consistent with 
crosslinking evidence that C109 interacts with segment-3 between L1555 and E158417.  

Role of segment-2 in stabilisation 

Extensive interactions between segment-2 and the blocked-head motor, blocked-head ELC and 
segment-3 help stabilise the shutdown state (Fig. 2 and Supplemental Video 2). Residues 1430-
1457 of one chain (chain G) of segment-2 dock into a groove formed between the SH3-like 
domain, SH1 helix and the converter domain stabilised by multiple ionic interactions (Fig. 2a, 
b, Extended data Table 1). The importance of the interaction between SH3 K77 and segment-
2 E1434 is indicated by disease-causing missense mutations of the equivalent residues in 
human SmM and non-muscle myosin-2A (Extended Data Fig. 3)25-28.  

Segment-2 interacts with the N-lobe of the blocked-head ELC by ionic (Fig. 2c, Extended Data 
Table 1) and hydrophobic (A1491-A1495 in segment-2 and F67-M74 in ELC (Fig. 2d)) 
interactions. Bend-2 is stabilised by ionic interactions between acidic residues in segment-2 
and basic residues in segment-3 (Fig. 2e-f). All these interactions are consistent with the path 
of segment-2 seen in negative-stain EM structures8,29. They clamp the blocked head lever in 
the primed state, with phosphate trapped in its active site.  

LCDs and head-tail junction structure 

The heavy chain backbone of both LCDs has strong and continuous α-helical density that is 
only gently curved (Fig. 3a-f). The shape of the blocked-head LCD most closely matches that 
of a squid muscle myosin head crystal structure30, while the free-head LCD has even less 
curvature at the ELC-RLC boundary (Fig. 3a, b). This compact structure is consistent with the 
essential role of the LCD in withstanding bending force in active muscle. In contrast, recent 
pseudo-atomic models of the IHM fitted to lower resolution structures15,31,32 have included 
segments of extended coil in the LCD heavy chain (Extended Data Fig. 4a-f), which would 
render the LCD incompetent as a lever.  

The motor-LCD junctions of the two heads are markedly different. In the free-head cryoEM 
density, the heavy-chain helix of the LCD is an unbroken extension of converter Helix Bʹ, as 
is found in most crystal structures of myosin heads (Fig.3c, d). However, the blocked-head 
density has a sharp pinch point and abrupt change in direction between the converter and LCD 
heavy-chain helices, which match the ‘pliant point’ in a primed SmM motor-ELC crystal 
structure33 (Fig. 3e, f). As such apparent weakness of the head at the pliant point appears 
incompatible with force transmission by the lever, tight binding to actin and concomitant 
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structural changes in the motor during the working stroke must strengthen this region. A 
flexible junction in the primed state may facilitate initial binding of the motor to actin, as seen 
in myosin-5 walking on actin34. 

The blocked- and free-head motors have similar structures, despite the difference in their LCD 
positions (Extended Data Fig.4g-j and Supplementary Video 3). Bending at the pliant point in 
the blocked-head lever is accompanied by a small shift of the converter away from the LCD, 
suggestive of strain induced by IHM formation. Small changes are also seen in SH3 and Loop1 
positions relative to the rest of the motor. The similarity of shutdown motor structures to those 
of primed myosin motors suggests that Pi is trapped in the shutdown state if the lever is in the 
primed position. 

At the head-tail junction, the density is compatible with the two-fold rotational symmetry of 
the coiled-coil tail C-terminal to residue M860. However, upstream the two helices diverge and 
bend sharply to connect to P849 at the end of the hook helix of each head with minimal loss of 
α-helix (Fig. 3g, Supplementary Video 4). Thus, about seven residues of the predicted coiled 
coil at the start of segment-1 are separated in the shutdown state. This region of sequence is 
rich in charged residues, which would allow formation of the intrahelical ionic interactions 
characteristic of single α-helical domains35 (Extended Data Fig. 4k, l). These two chains could 
thus be stable as separate α-helices in the active state and could extend as constant force 
springs36 to transmit force from the lever to the thick filament backbone. 

The tail-tail-motor complex 

The shutdown state is further stabilised by extensive ionic interactions between segments 1 and 
3 as they pass the free- and blocked-head motors, and between segment-1 and the free-head 
motor (Fig. 4a). Negatively charged residues in two rings37, and positively-charged residues in 
between, promote the interaction of one chain of segment-1 with segment-3, and the other chain 
with the free-head motor (Fig. 4a, b). These interactions form a stripe near the tip of the 
free-head motor that comprises loop O (K454), loop 2 (part of the actin-binding interface38) 
and the HCM loop (Fig. 4a).  

The interaction between the blocked-head motor and segment-1 (Fig. 4c, e) is limited to a single 
interface involving blocked-head loop 2 (Extended Data Fig. 5a, b). In contrast, in the IHM in 
striated muscle thick filaments, the blocked-head motor interacts extensively with segment-1 
(Fig. 4d, f) along the ‘mesa trail’39. In shutdown SmM, access of segment-1 to the mesa trail is 
blocked by the interaction of segment-3 with loop O of the blocked-head motor, and segment-1 
interacts with the free-head motor instead (Fig. 4c, g). Segment-1 is straight in our map and in 
a crystal structure37. In thick filaments it is bent31 possibly due to local packing effects. While 
the path of segment-1 across the face of the blocked-head motor (Fig. 4c) and equivalent view 
of the free-head motor (Fig. 4h) appear similar, segment-1 is parallel to the free-head motor 
when viewed from the side (Fig. 4a) but rotated away from the blocked-head motor (Fig. 4e), 
preventing the formation of extensive interactions.  

Mesa trail interactions (blocked-head motor to segment-1) have been suggested as critical for 
the stability of the IHM across the myosin-2 class14,15,39. It is possible that mesa interactions 
could steer the formation of the shutdown state in SmM. However, their absence in shutdown 
myosin shows that they are not an essential part of IHM structure and that the IHM can be 
stabilised in other ways.  

Motor-motor interactions in the IHM 

A small network of stabilising ionic interactions occurs between residues in Helix N and the 
HCM loop of the blocked-head motor and residues 168-170 close to Helix E of the free-head 
motor (Extended Data Fig. 5c-d and Supplementary Video 5). The close similarities between 
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previous lower resolution structures of IHMs in shutdown myosin8,29 and resting thick 
filaments40 indicate that these interactions are common to both states, but they can now be seen 
in detail. A similar interaction interface was proposed for a recent model of the cardiac IHM32, 
with additional ionic interactions of helix M with helices Z and A’ of the converter (Extended 
Data Fig. 5e). While ionic interactions are not observed within this region in our structure, due 
to sequence differences, the overall position of helices M and Z and the converter are similar 
and hydrogen bonds between these regions are observed in our model. Discrepancies at the 
interaction interface largely result from a small counter-clockwise rotation of the blocked-head 
in the cardiac model (Extended Data Fig. 5f). The pseudo-atomic model of the heads region of 
shutdown SmM fits the lower resolution IHM density maps of both tarantula and cardiac thick 
filaments well (Extended Data Fig. 5g-h). Since our model is constrained by a sub-nanometre 
density map, it probably describes the thick filament IHM structure better than previous 
pseudo-atomic models.  

Whole SmM molecule 

To learn about the folded tail region, we also generated a 9-Å structure of the whole shutdown 
SmM (Methods. Here, a short distance away from the myosin heads, the three tail segments 
form an untwisted ribbon, seen edge-on in the face view plane, with segment-2 at the rear, 
segment-1 central and segment-3 in front (Fig. 5a and Supplementary Video 6). The ribbon 
flexes in plane, presumably due to thermal excitation, from which we estimate a Young’s 
modulus of 3.5 GPa (Extended Data Fig. 6 and Supplementary Video 7), comparing well with 
an estimate of ~1.0 GPa for a single tail8.  

We extended the pseudo-atomic model of the heads region to incorporate the entire predicted 
coiled-coil tail (Fig. 5b), fitted into the structure. Bend-1 is at A1169, close to the estimate of 
A1176 based on segment lengths8. The predicted coiled coil ends 75 Å beyond bend-1, similar 
to the 66 Å measured in negatively-stained molecules8. At bend-1, the coiled-coil twist azimuth 
at A1169 naturally causes the start of segment-2 to lie behind (rather than to the side of) 
segment-1. 

The local lack of supercoiling caused by skip-1 in segment-2 results in a mismatch between 
the coiled-coil crossovers of the antiparallel segment-1 and segment-2 (Fig. 5d). Skip-3 in 
segment-3 is also in this ribbon region, but the local lack of supercoiling brings no obvious 
benefit to the ribbon structure. An additional skip residue in segment-2 in striated muscle 
myosins (following T1395 of the Mg SmM sequence), lies between the tail ribbon and 
segment-2 interactions with the SH3-converter region of the blocked-head motor. A local lack 
of supercoiling would alter the azimuth of the coiled coil at the SH3-converter, possibly 
weakening interactions there and thus contributing to the observed instability of the shutdown 
conformation of these myosins8. 

Throughout the tail ribbon, residues are positioned that allow ionic interactions between 
adjacent segments. The ionic interactions between segments 1 and 3 in the heads region (Fig. 
4a, b) are separated by ~720 residues in sequence, corresponding to 107 nm along the coiled 
coil. This matches a parallel stagger between SmM molecules predicted to favour interaction 
within thick filaments41 and strongly suggests that the shutdown monomer prevents filament 
formation by mimicking filament interactions. 

Discussion 

Our structure reveals an unpredicted mechanism by which dephosphorylated RLCs inactivate 
SmM, and phosphorylation likely disrupts interactions between the RLCs, and between the 
blocked-head RLC and segment-3 to release myosin from its shutdown state (Extended Data 
Fig. 7). The interactions of the tail segments with the rest of the molecule are likely important 
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in the invariant conformation of this state. Features such as the well-defined position and 
structure of bend-2 suggest the binding interfaces depend on sequence-specific recognition and 
not non-specific electrostatic interactions that could slip position. Extensive interactions with 
segment-1 in shutdown SmM, not present in the filament IHM, may be responsible for stopping 
the free head from cycling through ATP at the filament-IHM rate. The inhibited state of heavy 
meromyosin, which lacks segments-2 and 3, so the latch cannot form, has ~10-fold higher 
ATPase than full length SmM6. Its structure is more variable suggesting that with fewer 
constraints its structure breathes more than shutdown myosin8.  

Many of the known disease mutations in SmM and non-muscle myosin 2A (Extended Data 
Fig. 3) are found in regions that are at, or close to, the sites of interaction identified here and 
could perturb this shutdown state. Given the close agreement between the structure of the IHM 
in our SmM structure and IHM structures in thick filaments, this structure may also be 
invaluable as a model for understanding mutations in striated muscle myosins, such as those in 
β-cardiac myosin that result in hypertrophic cardiomyopathy. 

Figure Legends 

Figure 1. Structure of the heads region of shutdown SmM and contributions of the RLCs 
to the shutdown state. a, Cartoon of the entire folded molecule showing head-head interaction 
(IHM), and path of the folded tail including its three segments and two bends. b, cryoEM 
density map of the heads region (face view) thresholded (0.369) to display secondary structure. 
c, Backbone depiction of pseudo-atomic model fitted into the density map with individual 
chains labelled. Residue G1530 is at the centre of bend-2; Sk2 denotes skip residue 2 (Q1592). 
d, Density map as in b (back view), segmented and coloured by chain as in c, boxed regions 
shown enlarged (e and f) to highlight additional density of the blocked-head RLC-N-terminal 
extension ‘latch’ (e) and free-head and RLC-N-terminal extension ‘mortar’ (f). Canonical 
RLCs shown translucent with fitted model. In e & f, the phosphorylatable serine (S20) is 
highlighted (black sphere). The approximate path of the remaining N-terminal extension 
(containing positively-charged residues (as shown in g) depicted as a blue dashed line. In e, a 
ring of negatively-charged residues in segment-3 is shown as red Cα spheres. In f, 
negatively-charged residues in RLCs that could interact with positively-charged residues in the 
N-terminal extension are shown as red Cα spheres; the hydrophobic interface between free-
head and blocked-head RLCs is indicated by yellow spheres. g, Amino acid sequence of SmM 
RLC-N-terminal extension; basic residues highlighted blue; hydrophobic residues highlighted 
yellow. (Note: N-terminal Met is residue 1 in our numbering, thus residue numbers used in this 
paper are in some cases one higher than elsewhere in the literature.) 

Figure 2. Interactions of tail segment-2 with the blocked head. a, Ionic interactions of 
segment-2 with the converter (0.369). b, Ionic interactions of segment-2 with the SH3-like fold 
and SH1 Helix (0.369). c, Ionic interactions of segment-2 with ELC (0.280). d, Hydrophobic 
interactions between segment-2 and ELC; a shallow hydrophobic pocket formed by the ELC 
contacts segment-2 (0.369). e, f, Orthogonal views of ionic interactions between segment-2 
and segment-3 at bend-2 (0.250). CryoEM density contour levels shown in brackets.  

Figure 3: The levers of free- and blocked-heads and head-tail junction. a, b, Blocked and 
free-head lever heavy chain pseudo-atomic models superposed on backbone atoms of the ELC-
binding IQ motif, oriented to match panels c-f. Heavy chain shown runs from Helix Bʹ of 
converter to hook helix of LCD. c, d, Two orthogonal views of density map of free-head motor 
plus LCD with LCs omitted for clarity, and e, f, corresponding views of blocked-head motor. 
Threshold for density maps chosen to illustrate the narrow density at the pliant point of the 
blocked-head motor. g, Structure of the head-tail junction with atomic model fitted into electron 
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density map; colours as Fig. 1. Cα of invariant Pro849 of hook helix and Met860 at start of 
coiled coil shown as spheres. Contour level for c–f 0.594; for g 0.475.  

Figure 4 Interactions of segments 1 and 3 with blocked- and free-head motors. a, b, 
Network of ionic interactions clamping together the free-head motor, segment-1 and segment-
3, shown in back view. a, Model fitted into density map with side chains of interacting residues 
shown (contour level 0.170). b, Surface view of model with acidic areas shaded red and basic 
areas shaded blue. Ring 1 and Ring 2 denote two rings of acidic character in segment-137. c-f, 
Comparison of blocked-head tail interactions between shutdown SmM and tarantula thick 
filament IHM (PDB id 3JBH); segment-2, blocked-head LCs and free head omitted for clarity. 
c, d Face view. e, f, Side view. g, Ionic interaction of loop O in the blocked-head motor with 
segment-3 (contour level 0.280); segment-2, blocked-head ELC and free-head omitted for 
clarity. h, Depiction of segment-1 crossing the free-head motor, with the motor shown in the 
same orientation as that of the blocked head in c-d.  

Figure 5. CryoEM density map and pseudo-atomic model of whole SmM molecule. a, 
Cryo-EM density of whole SmM molecule, thresholded to display the tail ribbon (contour 
0.022). b, c, Spacefill and ribbon depictions respectively of pseudo-atomic model of SmM. d, 
Model fitted into density map, to show arrangement of tail segments. Colours as in Fig. 1 except 
segment-2 and segment-3 are coloured as continuations of segment-1. Skip residues 1 (Q1199), 
2 (Q1592) and 3 (K1817) are indicated by yellow spheres. Bend-1 at A1169 also highlighted. 
The tail ribbon is ~220 Å long. The C-terminal non-helical tailpiece of SmM is not modelled.  

 

Extended Data Figure and Table Legends 

Extended Data Figure 1. Micrograph, 2-D classification, angular distribution and 
resolution parameters. a, Representative micrograph of shutdown SmM molecules from 
28,817 micrographs. Scale bar 50 nm. b, Representative 2D classes (representing 
approximately 25% of particles that contributed to the final reconstruction). Scale bar 10 nm. 
c, Local resolution of SmM shutdown heads region cryoEM map. d, FSC curve of the heads 
region reconstruction, illustrating 6.3 Å resolution at 0.143 FSC. e, Angular distribution of 
particles in the heads region 3D reconstruction. f, FSC curve of the whole molecule 
reconstruction. g, Angular distribution of particles contributing to the whole molecule 3D 
reconstruction.  
 
Extended data Figure 2. Interaction of segment-3 with blocked-head RLC and analysis 
of RLC photo-crosslink. a, Segmented map highlighting latch and mortar regions (boxed), 
which are shown in more detail in panels b and c respectively. The position of phosphorylated 
serine (S20) in the latch (b) and in the mortar (c) are shown. This illustrates how 
phosphorylation would disrupt latch-segment-3 and mortar-RLC interactions respectively. d, 
Segmented map showing region of interest for panels e-g. e, ionic interactions between 
segment-3 and blocked-head RLC inter-lobe linker and blocked-head heavy chain. f, 
Hydrophobic interface where segment-3 crosses the blocked head RLC. g, Same view as e and 
f showing photo-crosslinker benzophenone-4-acetamide attached to C109 of blocked-head 
RLC and in close proximity to the aliphatic side chain of K1579 of segment 3 chain H. K1579 
lies within crosslinked peptide L1554-E1583 42. h, Segmented map (face view) to show the 
location (boxed) of i, which shows an alternative view of photo-crosslinker interaction and the 
ionic interaction between blocked head RLC E112 and segment 3 R1584. For clarity the non-
involved chain of the coiled coil has been omitted in the close-up panels. 
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Extended Data Figure 3. Annotated sequence alignment of heavy chains of human non-
muscle myosin 2A (NM2A) and smooth muscle myosin (SmM) with Turkey SmM, 
showing sites of mutation. HsNM2A: Homo sapiens MYH9; MgSmM: Meleagris gallopavo 

MYH11; HsSmM: Homo sapiens MYH11. Boxes delimit structural features. Grey background 
identifies residues in the d position of the coiled coil heptad repeat. Skip residues and bend 
positions are highlighted. Arrowheads and magenta letters denote known sites of mutation, 
obtained from the Human Genome Mutation Database (HGMD), Variant of unknown 
significance: retrieved from the Leiden mutation database.  
 
Extended data Figure 4. Comparisons of IHM pseudo-atomic models, free- and blocked-
heads and the SAH-domain character of start of segment-1. a-f, Comparison of pseudo-
atomic models of the IHM with LCs omitted to allow comparison of LCD heavy-chain 
structure. a, Pseudo-atomic model of SmM from the present study. b, Model (PDB id 1I84) 
produced from SmM heavy meromyosin IHM 2D crystal 20Å map7; tentative assignment of 
tail omitted. c, Model (PDB id 3JBH) produced from IHM of tarantula thick filament 20Å 
map40, fitted with tarantula sequence. d, Model (PDB id 5TBY) proposed for human cardiac 
IHM by homology modelling the cardiac amino acid sequences on the tarantula model14. e, 
Model (downloaded from Spudich lab website as MS01.pdb) of human cardiac myosin IHM 
(produced by use of homology models fitted to tarantula IHM model 3DTP15). f, Model 
(downloaded as Supplementary Data 2) for cardiac IHM produced by use of a cardiac motor 
domain-ELC crystal structure (5N69) and homology model of RLC fitted into the tarantula 
thick filament IHM 20Å map31. g, Superposition of free- and blocked-head motors (up until 
pliant region) showing how the LCD regions differ between the heads (without light chains 
shown), segmented maps and model for motor domains shown. h, Blocked-head motor, model 
in map, i morph between blocked-head and free-head model and maps (shown without light 
chains), j Free-head model in map. Map contour level 0.28 (Supplementary Video 3). k, SmM 
heavy-chain sequence at the start of the predicted coiled coil. Coiled-coil seam a and d residues 
marked by grey stripes; acidic residues red, basic residues blue. i, Heptad net projection of 
sequence 35 in which the dashed line shows the path of the polypeptide backbone as α-helix, 
circles and squares indicate the a and d positions of the heptad repeat and every seventh residue 
is repeated (in brackets) to allow all ionic interactions to be mapped.  
 
Extended Data Figure 5. Interaction between loop 2 (blocked-head motor) and segment-
1, the motor-motor interface of the IHM and fit of the SmM IHM structure into filament 
cryoEM density maps for tarantula and cardiac myosin filaments. a-b, EM density map 
reveals an interaction interface between segment-1 and density attributable to the blocked-head 
motor loop 2 (dashed line). E913 in segment-1 is highlighted for reference. Map contour level 
0.17. c. Overall model to show region of interest, the motor-motor interface (boxed). d, Ionic 
interactions across this interface, involving Helix N and HCM loop of the blocked-head motor 
with 3 successive residues (168-170) close to Helix E in the free-head motor (Supplementary 
Video 5). e, The same region of interest from a recent cardiac IHM pseudo-atomic model15. f, 
Superimposition of the motor domains for our structure, and for the cardiac IHM pseudo-
atomic model15 aligned on the free-head (red/pink) with view as in d. The blocked head of the 
cardiac IHM (cyan) is rotated counter-clockwise compared to that for SmM (blue) g, h, Fit of 
the paired heads of the pseudo-atomic model of shutdown SmM into the IHM motifs of 
reconstructions of thick filaments, using Chimera. The filament axis is vertical and the filament 
tip is at the top of the page. g, The fit to 20 Å map of tarantula thick filaments, EMD-195043, 
contour level 28.6). h. The fit to 28 Å map of cardiac thick filaments (EMD-2240 14, contour 
level 0.14).  
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Extended Data Figure 6. Flexibility of SmM tail ribbon. a, Representative class averages 
showing flexibility of the tail of myosin molecules (Supplementary Video 7), after alignment 
of the heads. Numbers at lower left indicate the chord angle of the tail at a position 29.7 nm 
along the tail from its emergence point from the head (taken to be the fulcrum). The angle is 
defined in relation to the path of the tail between bend-2 and the fulcrum, see the cartoon at 
the right. 4895 face view particles were classified into 50 classes of which 5 are shown to 
represent the range of motion of the tail. b, Cumulative frequency plot of tail angles for 
myosin with fitted Gaussian curve, yielding a variance value of 34°. Scale bar in a: 20 nm.  
 
Extended Figure 7: Diagram to show the dynamic relationship of the shutdown state (10S) to 
the open ‘active’ state (6S) and filament assembly. The shutdown state and filaments can both 
compete for 6S. 
  
Extended Data Table 1: Putative residues for stabilising ionic interactions between regions 
of the myosin molecule. Colour of letters corresponds to that of Figure 1. Chain A = blocked-
head heavy chain and segment-1, Chain B = free-head heavy chain and segment-1, Chain C = 
blocked head ELC, Chain D = free-head ELC, Chain E = blocked head RLC, Chain F = free-
head RLC, Chains G and H = the two chains of coiled-coil segments 2 and 3 

Extended Data Table 2: Cryo-EM data collection, refinement and validation statistics. 
Cryo-EM data collection, refinement and validation statistics 
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Methods 

Protein purification 

SmM from turkey gizzard was prepared as described8 and stored in liquid nitrogen. To form 
the shutdown state, Mg.ATP was added to the SmM, before dilution into a low ionic strength 
solution. Final conditions were 150 mM KCl, 10 mM MOPS pH 7.2, 0.1 mM EGTA, 2 mM 
MgCl2, 1 mM ATP. 

Grid preparation and cryo-EM data acquisition 

Grids were prepared with a Vitrobot Mark IV (Thermo Fisher), applying 3 µl of sample (0.9 
µM SmM) to Quantifoil R2/1 carbon Cu 300 mesh grids (Agar Scientific, UK) glow discharged 
in an amylamine vapour for 30 seconds prior to use (GloCube, Quorum Technologies Ltd., 
UK). Grids were blotted with Whatman no. 42 Ashless filter paper (Agar Scientific, UK) for 3 
seconds at force 6, 8°C and 100% humidity, and flash-frozen in liquid ethane. Data were 
recorded on a FEI Titan Krios (Astbury Biostructure Laboratory, University of Leeds) 
operating at 300 kV equipped with a Gatan K2-summit detector and a Bio-quantum energy 
filter (Gatan, CA, USA). Micrographs were recorded with the EPU automated acquisition 
software at 130,000x nominal magnification, giving a final object sampling of 1.07 Å/pixel, a 
total dose of 60 e-/Å2, and a target defocus range between -1.2 – -3.0 μm44. 30,947 micrographs 
were acquired over 7 microscope sessions. 

Cryo-EM image processing 

Image processing was carried out using the RELION 3.0 pipeline45 and cryoSPARC v2.246. 
Drift-corrected averages of each movie were created using RELION’s implementation of 
MotionCor247 and the defocus of each determined using gCTF48. Particle picking was 
performed using crYOLO 1.3 49, which was trained to pick particles, centred on the IHM 
region, for the first data collection (3,576 micrographs). This trained model was used for 
picking from subsequent data collections. In total, 780,492 particles were extracted in a box 
size of 352x352 pixels, centred on the IHM region from 29,288 micrographs. Particles were 
classified using reference-free 2D classification in RELION and classes that contained features 
reflective of shutdown myosin structure (as compared to negative-stain classes) were selected 
and taken forward for further classification in both RELION and cryoSPARC. These classes 
contained 329,910 particles from 28,817 micrographs. Both programs generated a map with a 
similar final particle number and nominally 6 Å global resolution map. The final 6 Å map was 
produced using non-uniform refinement in cryoSPARC, which produced the most interpretable 
density. An initial 3D volume was produced using ab initio reconstruction in cryoSPARC. This 
model was refined with several rounds of heterogeneous and non-uniform refinement. The EM 
density map was sharpened using a negative B-factor (Extended Data Table 2) that was 
automatically determined in cryoSPARC using a Guinier plot. Local resolution was estimated 
using cryoSPARC.  

To obtain a structure of the whole SmM molecule, particles that produced a 6 Å global 
resolution map of the SmM heads region in RELION 3.0 were re-extracted in a box size of 
1152 x 1152 (binned 3-fold into a 384 x 384 box) and subjected to 3D classification without 
image alignment. This was followed by 3D refinement of the most populated class and post-
processing in RELION. 

The final resolutions of the SmM shutdown whole molecule map, and of the heads region, were 
determined using the gold standard Fourier shell correlation reported to FSC = 0.143 using 
RELION and cryoSPARC respectively. The IHM region map had a global resolution of 6.3 Å 
and contained 96,351 particles. Resolution in the blocked-head extended to 4 Å. Flexibility of 
the tail limited global resolution of the whole molecule SmM map to 9 Å, and this contained 
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52,713 particles. Data acquisition and processing details are provided in Table 1. Figures and 
videos were generated in UCSF Chimera50 and ChimeraX51. 

 

Model building and refinement 

To interpret the 6 Å map, we created a pseudo-atomic model for the myosin heads, by flexibly 
fitting available crystal structures into the map and performing modelling, refinement and 
molecular dynamics simulations. The crystal structures were fitted unambiguously into the 
density, requiring only minor reorientations of subdomains. We used Chimera to initiate model 
building, by rigid body fitting a pseudo-atomic model of the SmM IHM, kindly supplied by 
Wulf Blankenfeldt 37, into the EM density. The Blankenfeldt model had been produced using 
chicken SmM structures for the heavy chain plus ELC (pdb file 1BR1) and a SmM homology 
model of the skeletal muscle RLC (from pdb file 2MYS), by aligning the ELC (chain C) of 
2MYS onto the ELC (chain B) of 1BR1. The ELC from 2MYS had been subsequently deleted 
and overlapping residues of the heavy chain had been deleted and joined. The model had then 
been rigid body fitted52 to the 2 nm electron density map of 2D crystals of chicken SmM16.  

In the present study, for fitting of the RLCs, RLC from scallop myosin LCD, (pdb file 1WDC) 
was substituted for 2MYS RLC by aligning the RLCs. This step provided side chain 
information as 2MYS contains only α-carbons for the RLC. The N-terminal extensions 
(beginning at S20) were modelled from scallop smooth muscle LCD (3TS5 chain E) by 
superposition onto Helix A of our RLC models (which began at F26). The overlapping residues 
were removed and the PDBs were joined. Modeller 9.23 53 was used to replace amino acid 
sequences for each of the chains with their corresponding turkey sequence (heavy chain: 
XP_010717783.1, ELC: NP_001290154.1, RLC: XP_010720520.1).  

Modeller 9.23 was used to build atomic co-ordinates for loop O (amino acids 451-458) within 
the motors as there was sufficient electron density pertaining to this region in our map. Atomic 
co-ordinates for this loop were not defined in 1BR1. Modeller 9.23 was also used to co-ordinate 
Mg.ADP.AlF4 (from 1BR1), which had been omitted in the Blankenfeldt model, and Mg2+ 
(from 1WDC). AlF4 was then replaced with inorganic phosphate, as it would exist under our 
experimental conditions, by superposing the phosphorus atom onto the position of Al, and then 
deleting the AlF4. The model was then subjected to flexible fitting by use of Flex-EM52. 

As a crystal structure is not available for the coiled-coil tail, BeammotifCC, a program kindly 
supplied by the late Dr Gerald Offer54, was used to model the α-helical coiled-coil structure of 
the tail. The model generated takes account of the skip residue perturbations of coiled-coil 
geometry. Chimera was used to rigid body fit the modelled coiled coils to the density where 
possible. Regions where the straight model coiled coils deviated away from the curved density 
were selected and rigid body fitted with the flag ‘fit selection only’ to introduce the curves in 
our tail while maintaining the coiled coil register. Coot55 was used to correct changes 
introduced in the coiled coil Phi and Psi angles by the rigid body fitting procedure. Segments 
of the tail were modelled within the IHM region where there was sufficient EM density to show 
the path of each coiled coil (local resolution better than approximately 10 Å). 

The models of the myosin heads and coiled-coil regions were joined at the head-tail junction 
and each chain defined as follows: Chain A = blocked-head and segment-1 heavy chain; Chain 
B = Free-head and segment-1 heavy chain; Chain C = blocked-head ELC; Chain D = free-head 
ELC; Chain E = blocked-head RLC; Chain F = free-head RLC; Chains G and H = the two 
chains of coiled-coil segments 2 and 3. The model was subjected to real space refinement in 
Coot55, in which several iterations of manual adjustment followed by real-space refinement in 
PHENIX56 were implemented57. To identify the contributions of the various polypeptide chains 
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to the cryoEM density map, segmented maps were produced using the segment map function 
in Chimera58. 

To enable interpretation of interactions occurring at contact interfaces we used molecular 
dynamics simulations performed using the GBSA implicit solvent model in conjunction with 
the Amber FF14SB force field59. Hydrogen atoms were automatically added with the Leap 
module in the AMBER package60. The system was then minimised using a steepest descent 
minimisation followed by a conjugate gradient algorithm and then thermalized, where the 
temperature is increased in a stepwise manner with the constraining forces slowly moved over 
the number of steps. Shake61, found within the AMBER package, which constrains bond length, 
was used to constrain all bonds involving hydrogen atoms with a time step of 2 fs and a 10.0 
Å cut-off for non-bonded interactions. For production runs, simulations were run for 3 ns using 
backbone restraints to allow formation of ionic interactions. The final frame of the simulation 
was analysed and used as the basis for our pseudo-atomic model. Any ionic interactions that 
were observed in at least 50 % of the simulation were included within this model which was 
then subjected to refinement by use of the PDB-REDO web server62 and this resulted in our 
pseudo-atomic model. Stereochemistry of our model was assessed by Molprobity58.  

To generate the full length SmM pseudo-atomic model, beammotifCC56 was used to generate 
three model coiled-coil segments for the missing tail sequences (up to K1933) which each 
contained 14 residues that overlapped the tail sequences of segments 1, 2 and 3 of our pseudo-
atomic model of the IHM region. These models were superposed onto the existing coiled-coil 
tail segments and then the ‘fit selection only’ flag was used in rigid body fitting as described 
above to our 9 Å map of the whole SmM shutdown molecule. This allowed the introduction of 
the bends into the coiled-coil tail and for them to lie in plane as seen in the density map. With 
segments 1 and 2 lying antiparallel to one another, the point where their sequences coincided 
was found to occur at A1169, so bend-1 was created at this point. The chains were joined and 
duplicated sequence was deleted followed by manual refinement in Coot. The junction made 
between segments 1 and 2 at bend-1 implies that in segments 2 and 3, chain G is a continuation 
of chain A and chain H is a continuation of chain B. The coiled-coil model fits the density map 
of segment-1 and segment-3 well, including around skip 2, (Q1592; Fig 1c), suggesting it is a 
reasonable model of the structure of the entire coiled-coil tail.  

Finally, Young’s modulus of the tail ribbon, was calculated as described previously8. 
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