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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 heads!, preventing filament
formation and inactivating the motors?. 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 A 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 a-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 repeat’, 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 phosphorylated* and
the tails are polymerised into thick filaments. Dephosphorylation of S20 and/or T19 within the
N-terminal extension of the RLCs*? 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 low®. 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 actin’. The coiled-coil tail folds into three
segments and wraps around the heads®?.



The shutdown state and THM appear conserved across myosin-2 isoforms!S. 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 Ca** from the ELC'. In vertebrate striated
muscle THM can form spontaneously®. In resting striated muscle, the IHM, in which the heads
interact with tail segment-1!!, correlates with suppressed ATPase activity!>!3. Mutations that
disrupt these interactions may cause cardiomyopathies!'#!>,

Structural studies of the shutdown state have been limited to 20 A7!° 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 lengths!’ (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 state!® 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. le). 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 structure!'®, 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. If).
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



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 random?°-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 THM!!. All human RLCs contain a
phosphorylatable serine residue at the equivalent position of that in SmM?, Its phosphorylation
modulates striated muscle contraction and is critical for normal cardiac output?*. The mortar is
on the outward-facing side of the ITHM!!, 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 folding®. 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 E1584!7,

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)*°-28,

Segment-2 interacts with the N-lobe of the blocked-head ELC by ionic (Fig. 2¢c, 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 structures®?°. 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 o-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 structure®®, 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 structures'>*!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 B’, 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
structure® (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 actin®*,

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 Loopl1
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
a-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 a-helical domains®® (Extended Data Fig. 4k, 1). These two chains could
thus be stable as separate a-helices in the active state and could extend as constant force
springs®¢ 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 rings®’, 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 interface’®)
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, ) along the ‘mesa trail’*. 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 structure®’. In thick filaments it is bent®! 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 class'#!>¥_ Tt 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 THMs in shutdown myosin®? and resting thick

filaments*® 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 THM?2,
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-A 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 tail®.

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 lengths®. The predicted coiled coil ends 75 A beyond bend-1, similar
to the 66 A measured in negatively-stained molecules®. 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 myosins®.

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 filaments*! 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



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 SmM®. Its structure is more variable suggesting that with fewer
constraints its structure breathes more than shutdown myosin®.

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 [HM
in our SmM structure and [HM structures in thick filaments, this structure may also be
invaluable as a model for understanding mutations in striated muscle myosins, such as those in
B-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.
¢, 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 ¢, 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 Ca spheres. In f,
negatively-charged residues in RLCs that could interact with positively-charged residues in the
N-terminal extension are shown as red Ca 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, lonic 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). ¢, 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 ¢-f. Heavy chain shown runs from Helix B’ of
converter to hook helix of LCD. ¢, 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. Ca of invariant Pro849 of hook helix and Met860 at start of
coiled coil shown as spheres. Contour level for ¢—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. ¢-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.
¢, 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, ¢, 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 A 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.
¢, Local resolution of SmM shutdown heads region cryoEM map. d, FSC curve of the heads
region reconstruction, illustrating 6.3 A 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 ¢ respectively. The position of phosphorylated
serine (S20) in the latch (b) and in the mortar (¢) 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 #2. 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.



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. HsSNM2A: Homo sapiens MYH9; MgSmM: Meleagris gallopavo
MYHI11; HsSmM: Homo sapiens MYH1 1. 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 1184)
produced from SmM heavy meromyosin IHM 2D crystal 20A map’; tentative assignment of
tail omitted. ¢, Model (PDB id 3JBH) produced from IHM of tarantula thick filament 20A
map?®’, 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 model'. e,
Model (downloaded from Spudich lab website as MSO01.pdb) of human cardiac myosin IHM
(produced by use of homology models fitted to tarantula THM model 3DTP'). 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 20A map?'. 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 @ and d residues
marked by grey stripes; acidic residues red, basic residues blue. i, Heptad net projection of
sequence ¥ in which the dashed line shows the path of the polypeptide backbone as a-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. ¢. 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 model'. f,
Superimposition of the motor domains for our structure, and for the cardiac IHM pseudo-
atomic model'® aligned on the free-head (red/pink) with view as in d. The blocked head of the
cardiac [HM (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 [HM 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 A map of tarantula thick filaments, EMD-1950%,
contour level 28.6). h. The fit to 28 A map of cardiac thick filaments (EMD-2240 '4, contour
level 0.14).



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 described® 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 KCI, 10 mM MOPS pH 7.2, 0.1 mM EGTA, 2 mM
MgCl, 1 mM ATP.

Grid preparation and cryo-EM data acquisition

Grids were prepared with a Vitrobot Mark IV (Thermo Fisher), applying 3 pl of sample (0.9
uM 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 A/pixel, a
total dose of 60 e /A2, and a target defocus range between -1.2 —-3.0 pm**. 30,947 micrographs
were acquired over 7 microscope sessions.

Cryo-EM image processing

Image processing was carried out using the RELION 3.0 pipeline* and cryoSPARC v2.2%.
Drift-corrected averages of each movie were created using RELION’s implementation of
MotionCor2*” and the defocus of each determined using gCTF*. Particle picking was
performed using crYOLO 1.3 #°, which was trained to pick particles, centred on the ITHM
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 A global resolution map. The final 6 A 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 A 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 A
and contained 96,351 particles. Resolution in the blocked-head extended to 4 A. Flexibility of
the tail limited global resolution of the whole molecule SmM map to 9 A, 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 Chimera®® and ChimeraX>!.

Model building and refinement

To interpret the 6 A 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 IBR1. The ELC from 2MYSS had been subsequently deleted
and overlapping residues of the heavy chain had been deleted and joined. The model had then
been rigid body fitted®? to the 2 nm electron density map of 2D crystals of chicken SmM!®,

In the present study, for fitting of the RLCs, RLC from scallop myosin LCD, (pdb file IWDC)
was substituted for 2MYS RLC by aligning the RLCs. This step provided side chain
information as 2MYS contains only a-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.AIF4 (from 1BR1), which had been omitted in the Blankenfeldt model, and Mg?*
(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-EM2.

As a crystal structure is not available for the coiled-coil tail, BeammotifCC, a program kindly
supplied by the late Dr Gerald Offer>*, was used to model the a-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. Coot> 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 A).

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
Coot>, in which several iterations of manual adjustment followed by real-space refinement in
PHENIX?¢ were implemented®’. 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 Chimera®.

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 field*®. Hydrogen atoms were automatically added with the Leap
module in the AMBER package®®. 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. Shake®!, 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
A 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 server®? and this resulted in our
pseudo-atomic model. Stereochemistry of our model was assessed by Molprobity3.

To generate the full length SmM pseudo-atomic model, beammotifCC>® 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 A 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 Ic), 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 previously?.

44 Thompson, R. F., ladanza, M. G., Hesketh, E. L., Rawson, S. & Ranson, N. A.
Collection, pre-processing and on-the-fly analysis of data for high-resolution, single-
particle cryo-electron microscopy. Nature Protocols 14, 100-118,
doi:10.1038/s41596-018-0084-8 (2019).

45 Fernandez-Leiro, R. & Scheres, S. H. W. A pipeline approach to single-particle
processing in RELION. Acta Crystallographica Section D 73, 496-502,
doi:doi:10.1107/S2059798316019276 (2017).

46 Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms
for rapid unsupervised cryo-EM structure determination. Nature Methods 14, 290-
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A 4 A "ATATS YY !&
Hs NM2a 1 MAQQAA- [—- DKYLFVDKNF INNPLAQADW AAKKLVWUPS DKSGFEPASL KEEVGEEAIV ELVENGKKVK VNKDDIQ PPKFSKVEDM AELTCLNE 96
Mg SmM 1 MSQK-PLSDD EKFLFVDKNF VNNPLAQADW SAKKLVWVPS EKHGFEAASI KEEKGDEVTV ELQENGKKVT LSKDDIQKMN PPKFSKVEDM AELTCLNEAS 99
Hs SmM 1 MAQKGQLSDD EKFLFVDKNF INSPVAQADW AAKRLVWVPS EKQGFEAASI KEEKGDEVVV ELVENGKKVT VGKDDIQKMN PPKFSKVEDM AELTCLNEAS 100
Helix A ?Ql\x B SH3-like fold
Hs NM2a 97 [VLENLKERYY SGLIYTYSGL FCVVINPYKN LPIYYEEIVE MYKGKKRHEM PPHIYAITDT AYRSMMQDRE DQSILCTGES GAGKTENTKK VIQYLAYVAS 196
Mg SmM 100 VLENLRERYF SGLIYTYSGL FCVVVNPYKQ LPIYSEKIID MYKGKKRHEM PPHIYAIADT AYRSMLQDRE DQSILC' |‘ ES GAGKTENTKK VIQYLAVVAS 199
Hs SmM 101 VLENLRERYF SGLIYTYSGL FCVVVNPYKH LPIYSEKIVD MYKGKKRHEM PPHIYAIADT AYRSMLODRE DQSILCTGES GAGKTENTKK VIQYLAVVAS 200
B2 Helix D Helix E B4 P-loop Helix F
HsNM2a 197 [LERQLLQANP ILEAFGNRKT VKNDNSSRF [FDVN GYIVGANIET YLLEKSRAIR QAKEERTFH[ FYYLLSGAG 286
Mg SmM 200 [LEKQLLQANP ILEAFGNAKT VKNDNSSRFG NFDVT GYIVGANIET YLLEKSRAIR QAKDERTFHI FYYL TA]:AQ 299
Hs SmM 201 [LEKQLLOANP ILEAFGNAKT NFDVT GYIVGANIET YLLEKSRAIR QARDERTFH[ FYYMIAGAK 293
Loop 1 elix B7 Helix |
Hs NM2a 287 HLKTDLLLEP YNKYRFLS!G HVTIPGQ MGI! AAOKVSH LLGINVTDFT 386
Mg SmM 300 :QM.RNDLIJLEG FNNYTFLSNG HVPIPAQQODD EMFQETLEAM RIMGFTEEEQ TSILRVVSSV LOQLGNIVFKK ERNTDQASMP QKVCH LMGINVTDFT 399
Hs SmM 294 KMRSDLLLEG FNNYTFLSNG FVPIPAAQDD EMFQETVEAM AIMGFSEEEQ LSILKVVSSV LOLGNIVFKK ERNTDQASMP ONTAAQKVCH LMGINVTDET 393
Helix J Helix K Heli Loop 4 Helix M
HsNM2a 387 RGILTPRIKV GRDYVQKAQT [KEQADFAIEA LAKATYERMF RWLVLRINKA IJDKTKR( FIGIIDIAGF 486
Mg SmM 400 RSILTPRIKV GRDVVQKAQT KEQADFAIEA LAKAKFERLF RWILTRVNKA IJDKTKRQGAS FLGILDIAGF EIFEINSFEQ LCINYTNEKL QQLFNHTMFI 499
Hs SmM 394 RSILTPRIKV GRDVVQKAQT KEQADFAVEA LAKATYERLF RWILTRVNKA I|DKTHROGANS FLGILDIAGF EIFEVNSFEQ LCINYTNEKL QQLFNHTMFI 493
HelixN- HCM Loop Helix O Loop O B5 Switch 2 Relay Helix
HsNM2a 487 IEWNFIDFGL DLQPCIDLIE KPAGPPGILA LLDEHCWFPK ATDKSFVEKV MQEQGTHPKF QKPKQLKDKA DFCIIHYAGK V!YKADENLM 586
Mg SmM 500 IEWNFIDFGL DLQPCIELIE RPTNPPGVLA LLDEEHCWFPK ATDTSFVEKL IQEQGNHPKF QKSKQLKDKT EFCILHYAGK VSYNASAWLT 599
Hs SmM 494 IEWNFIDFGL DLQPCIELIE RPNNPPGVLA LLDEHCWFPK ATDKSFVEKL CTEQGSHPKF QKPKQLKDKT EFSIIHYAGK VDYNASAWLT 593
HelixQ Helix R Helix Log: 3
HsNM2a 587 KNMDPLNPNI ATLLHQSSD] RTV GOLYREQLAK LMATLRNTNP ﬁ!IIPNH EKKAGKLD! 686
Mg SmM 600 KNMDPLNDNV TSLLNQSS VD RIVGLDQMAK MTESSLPSSS KTKKGMFRTV GQLYKEQLTK LMTTLRNTNP NFVRCIIPNH EKRAGKLD. 699
Hs SmM 594 KNMDPLNDNV TSLLNASS D RIVGLDQMAK MTESSLPSAS KTKKGMFRTV GQLYKEQLGK LMTTLRNTTP NFVRCIIPNH EKRSGKLD. 693
Hemx T Helix U Loop 2 Helix W ;
HsNM2a 687 [LVLDQLRCNG|[VLEGIRICXY| GFPNRVVFQE FAQRYEILTP NSIPKGFMDY [KQACVLM[KA LELDSNLYRI GQSKVFFRAG VLAHLEEERD LKITDVIIGF 786
Mg SmM 700 [LVLEQLRCNG|VLEGIRICRQ| GFPNRIVFQE FRQRYEILAA NAIPKGFMDG [KQACILMIKA LELDPNLYRI GQSKIFFRTG WVLAHLEEERD LKITDVIIAF 799
Hs SmM 694 [LVLEQLRCNG |VLEGIRICRQ| GFPNRIVFQE FRQRYEILAA NAIPKGFMDG |[KQACILMIKA LELDPNLYRI GQSKIFFRTG D LKITDVIMAF 793
Helix X Helix Z Helix A’ Converter Helix B Pliant
HsNM2a 787 LLQVSRQEEE MMA!EEELVK VREKQLAAEN RLTEMETLQS QLMAEKLQLQ 886
Mg SmM 800 KAFAKRQQQL TAMKVIQRNC AAYLKLRNWQ WWRLFTKVKP LLQVTRQEEE MQAKDEELQR TKERQQOKAEA ELKELEQKHT QLCEEKNLLQ 899
Hs SmM 794 KAFAKRQQQL TAMKVIQRNC AAYLKLRNWQ E”j LIF.QVbTRQEEE MQAKEDELQK TKERQQKAEN ELKELEQKHS QLTEEKNLLQ 893
) o ) Q2 efgabc
Light chain binding region _> Start of heptad repeats
X Y Ring3 !(
HsNM2a 887 EQLOA| L. TAKKQELEEI ERKKMDONIQ ELEEQLEEEH SARQKLQLEK VTTEAKLKKL EEEQITILEDQ 986
Mg SmM 900 EKLQAETELY AEAEE AAKKQELEEI EKKKMQQOML DLEEQLEEEH AARQKLQLEK VTADGKIKKM EDDILIMEDQ 999
Hs SmM 894 EQLQA| AAKKQELEEI ERKKMAQOML DLEEQLEEEF AARQKLOLEK VTAEAKIKKL EDEILVMDDQ 993
HsNM2a 987 NCKLAKEKKL LEDRIAEFTT NLTEEEEKSK SLAKLKNKHE AMITDLEERL RREEKQRQEL EKTRRKLEGD STDLSDQYAE LQAQI!ELKM QLAKKEEELQ 1086
MgSmM 1000 NNKLTKERKL LEERVSDLTT NLAEEEEKAK NLTKLKNKHE SMISELEVRL KKEEKTRQEL EKTKRKLEGE SSDLHEQIAE LQAQIAELKA OLAKKEEELQ 1099
Hs SmM 994 NNKLSKERKL LEERISDLTT NLAEEEEKAK NLTKLKNKHE SMISELEVRL KKEEKSRQEL EKLR?LE? ASDFI-?? LQAQIAELKM QLAKKEEELQ 1093
HsNM2a 1087 AALARVEEEA AQKNMALKKI RELESQI!EL QEDLESERAS RNKAEKQKRD LGEELEALKT ELEDYLDSTA AQQELRSKRE QEVNILKKTL EEE;THEAQ 1186
MgSmM 1100 AALARLEDET SQKNNALKKI RELESHISDL QEDLESEKAA RNKAEKQKRD LGEELEALKT ELEDTLDTTA TQQELRAKRE QEVTVLKRAL EEETRTHEAQ 1199
HsSmM 1094 AALARLDDEI AQKNNALKKI RELEGHISDL QEDLDSERAA RNKAEKQKRD LGEELEALKT ELEDTLDSTA TQQELRAKRE QEVTVLKKAL DEETRSHEAQ 1193
W Skip 1
HsNM2a 1187 IQEMR(M) AVEELAEQYE OTKRVKANLE KAKQTLENER gLANEVKVL LOGKGDSEHK RI(!V!AQLQ QVKFNEGER VRTELADKVT KLQVELDN!T 1286
MgSmM 1200 VQEMRQKHTQ AVEELTEQLE QFKRAKANLD KTKQTLEKDN ADLANEVRSL SQAKQDVEHK KKKLEVQLQOD LQSKYTDGER VRTELNEKVH KLQIEVENVT 1299
HsSmM 1194 VOEMRQKHAQ AVEELTEQLE QFKRAKANLD KNKQTLEKEN ADLAGELRVL GQAKQEVEHK KKKLEAQVQE LOSKCSDGER ARAELNDKVH KLONEVESVT 1293
HsNM2a 1287 GLLSQSDSKS SKLTKE!SAL ESQLODTQEL LQEENRQKLS LSTKLKQVED EKNSFREQLE EEEEAKHNLE KQIATLHAQV ADMKKKMEDS VGCLETA!EV 1386
MgSmM 1300 SLLNEAESKN IKLTKDVATL GSQLQODTQEL LQEETRQKLN VITKLRQLED DKNSLQEQLD EEVEAKQNLE RHISTLTIQL SDSKKKLQEF TATIETMEEG 1399
HsSmM 1294 GMLNEAEGKA IKLAKDVASL SSQLODTQEL LQEETRQKLN VSTKLRQLEE ERNSLODQLD EEMEAKQNLE RHISTLNIQL SDSKKKLQDF ASTVEALEEG 1393
Missing skip
HsNM2a 1387 KRKLQKDLEG LSQRHEEKVA AYDKLEKTKT [RLQQELDDLL VDLDHO! s! CNLEKK&(K! !QLIXEEKTI SAKYAEERDR AEAEARERET KAL!LARALE 1486
MgSmM 1400 KKKFQREIES LTQQFEEKAA SYDKLEKTKN [RLQQELDDLV VDLDNQRQLV SNLEKKQKKF DQMLAEEKNI SSKYADERDR AEAEAREKET KALSLARALE 1499
HsSmM 1394 KKRFQKEIEN LTQQYEEKAA AYDKLEKTKN |[RLOQELDDLV VDLDNQROLV SNLEKKQRKF DQLLAEEKNI SSKYADERDR AEAEAREKET KALSLARALE 1493
Intera?$ with SH3 and converter of blocked head Interacts witl -lobe
HsNM2a 1487 EAMEQKAELE !LNKQFRTEM EDLMSSKDD! GKSV‘ELE}(S K!ALEQQVEE MKYQLEELED ELQA!EDAKL !LML!M’! AQFEELQG! DEQSEEKKKQ 1586
MgSmM 1500 EALEAKEELE RTNKMLKAEM EDLVSSKDDV GKNVHELEKS KRTLEQQVEE MKTQLEELED ELQAAEDAKL RLEVNMQAMK SQFERDLQAR DEQNEEKRRQ 1599
HsSmM 1494 EALEAKEELE RTNKMLKAEM EDLVSSKDDV GKNVHELEKS KRALETQMEE MKTQLEELED ELQATEDAKL RLEVNMQALK GQFERDLQAR DEQNEEKRRQ 1593
Bend 2 Skip 2
HsNM2a 1587 LVRQVREMEA ELEDERKQRS MAV!ARK!LE MDLKDLEAHY DSANKNRDEA IKQL!{LQAQ MK!J&ELDD TRASREEILA QAKENEKKLK SMEAEMIQLQ 1686
MgSmM 1600 LLKQLHEHET ELEDERKQRA LAAAAKKKLE VDVKDLESQV DSVNKAREEA IKQLRKLOAQ MKDYQRDLDD ARAAREEIFA TARENEKKAK NLEAELIQLO 1699
HsSmM 1594 LORQLHEYET ELEDERKQRA LAAAAKKKLE GDLKDLELQA DSAIKGREEA IKQLRKLQAQ MKDFQRELED ARASRDEIFA TAKENEKKAK SLEADLMQLO 1693
HsNM2a 1687 EELAAAERAK RQAQQERDEL ADEIANSSGK GALALEEKRR T'F‘A!TAOTF‘F‘ F‘TF‘F‘F‘!{‘NTE LINDRLKKAN LQIDQINTDL NLERSHAQKN ENARQQLE!Q 1786
MgSmM 1700 EDLAAAERAR KQADLEKEEM AEELASATSG RTSLQDDKRR LEARIAQLEE ELDEEHSNIE AMSDRMRKAV QQAEQLNNEL ATERATAQKN ENARQQLERQ 1799
HsSmM 1694 EDLAAAERAR KQADLEKEEL AEELASSLSG RNALQDEKRR LEARIAQLEE ELEEEQGNME AMSDRVRKAT QQAEQLSNEL ATERSTAQKN ESARQQOLERQ 1793
HsNM2a 1787 NKELKVKLQE MEGTVKSKYK ASI’I‘ALEAKY AQLEEQLDN! TKERQAACK! VRRT!(KLKD VLLQVDDERR NAEQYKDQAD KASTRLKQLK YQLEEAEE!A 1886
MgSmM 1800 NKELRSKLOQE MEGAVKSKFK STIAALEAKI ASLEEQLEQE AREKQAAAKT LRQKDKKLKD ALLQVEDEKK QAEQYKDQAE KGNLRLKQLK RQLEEAEEES 1899
HsSmM 1794 NKELRSKLHE MEGAVKSKFK STIAALEAKI AQLEEQVEQF AREKQAATKS LKQKDKKLKE ILLQVEDERK MAEQYKEQAE KGNARVKQLK RQLEEAEEES 1893
Kip 3 - .
P Positions of Mutations
HsNM2a 1887 QRANASRRKL QRELEDATET ADAMNREVSS LKNKLRRGD- -LPF ————GAG DGSDEEVDGK ADGAEA-KPAE| 1960 Disease causin
MgSmM 1900 QRINANRRKL QRELDEATES NEAMGREVNA LKSKLRRGNE -TSFVPSRRS GGRRVIENA- DGSEEETDTR DADFNGTKASE| 1979 Disease causing'T
HsSmM 1894 ORINANRRKL QRELDEATES NDALGREVAA LKSKLRRGNE,_PVSFAPPRRS GGRRVIENAT DGGEQEIDGR DGDLNG-KASE| 1972 \/
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