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Atomic model of a myosin filament in the

relaxed state

John L. Woodhead'*, Fa-Qing Zhao'*, Roger Craig'*, Edward H. Egelman?, Lorenzo Alamo® & Raul Padrén’

Contraction of muscle involves the cyclic interaction of myosin
heads on the thick filaments with actin subunits in the thin
filaments'. Muscles relax when this interaction is blocked by
molecular switches on either or both filaments®. Insight into the
relaxed (switched OFF) structure of myosin has come from
electron microscopic studies of smooth muscle myosin molecules,
which are regulated by phosphorylation. These studies suggest
that the OFF state is achieved by an asymmetric, intramolecular
interaction between the actin-binding region of one head and the
converter region of the other, switching both heads off’. Although
this is a plausible model for relaxation based on isolated myosin
molecules, it does not reveal whether this structure is present in
native myosin filaments. Here we analyse the structure of a
phosphorylation-regulated striated muscle thick filament using
cryo-electron microscopy. Three-dimensional reconstruction and
atomic fitting studies suggest that the ‘interacting-head’ structure
is also present in the filament, and that it may underlie the relaxed
state of thick filaments in both smooth and myosin-regulated
striated muscles over a wide range of species.

The thick filaments of muscle are polymers of myosin IT (reviewed
in ref. 4). The a-helical coiled-coil myosin tails form the backbone of
the filament, whereas the heads (two from each molecule) lie on the
surface, where they can interact with actin. In the relaxed state, the
myosin heads in most striated muscles are helically ordered™.
Electron microscopy (EM) and three-dimensional (3D) helical
reconstruction of isolated filaments have produced models of head
conformation and interactions in the relaxed state”'>. However, none
of these models has provided compelling insight into the structural
basis of relaxation. Most have been based on negatively stained
specimens, which can have staining and drying artefacts, and the
resolution has been limited to ~5 nm, owing partly to limitations of
the helical reconstruction technique. In this report we study a highly
ordered species of thick filament (from tarantula striated muscle),
use cryo-electron microscopy to preserve native structure, and carry
out 3D reconstruction using a single particle approach. Fitting of the
atomic structure of the myosin heads to the reconstruction provides
key new insights into the molecular basis of relaxation.

Figure la shows a cryo-electron micrograph of purified thick
filaments. The arrow-like structures, pointing towards the central
bare-zone of the filament, represent the superposition of helically
organized myosin heads on the top and bottom surfaces of the
filament. Elongated substructure in the backbone, running parallel to
the filament axis, is also apparent (Fig. 1b). An averaged 3D
reconstruction of these filaments was computed by a real space,
single particle technique that avoids important limitations of helical
reconstruction (see Methods)". The structure (~2.5 nm resolution)
was similar in overall appearance to a 5nm resolution helical
reconstruction of negatively stained tarantula filaments”®, but

showed crucial new detail not seen previously (Fig. lc; see also
Supplementary Movie 1). The repeating motif on the surface of the
filament, representing a pair of myosin heads, appears like a tilted J’
(Fig. 1c, d). Four of these motifs, equally spaced around the filament
circumference, form ‘crowns’ (Fig. 2a) that occur at regular axial
intervals of 14.5 nm. This fourfold rotationally symmetric arrange-
ment twists by 30 ° from one 14.5 nm level to the next, creating four
parallel right-handed helical tracks, with a helical repeat of 43.5 nm
(ref. 7). The structure thus repeats every third crown (Fig. 1c), with
pairs of heads appearing at twelve equally spaced azimuthal positions
in transverse view (Fig. 2b).

The backbone of the filament also reveals new detail. It is seen to
comprise twelve approximately parallel strands, each ~4nm in
diameter (and therefore containing more than one 2 nm diameter
myosin tail), centred at a radius of ~8 nm from the filament axis
(Figs lc and 2b). This is the first time that the structure of the
backbone has been clearly seen in any thick filament reconstruction.
The presence of such ‘subfilaments’ in the reconstruction is consist-
ent with the backbone substructure seen in the raw images (Fig. 1b)
and in earlier negative stain images’. Subfilaments of this size were
proposed in a general model for the structure of the thick filament
backbone based on X-ray diffraction of invertebrate muscles'. In this
model it was suggested that each 4 nm-diameter subfilament con-
tained three myosin tails in cross-section, and gave off a pair of
myosin heads at every third level of myosin molecules. For filaments
with the tarantula symmetry (fourfold rotational symmetry, helical
repeat = 3 X 14.5nm), the model predicts twelve subfilaments run-
ning parallel to the filament axis, exactly as we have observed. We also
observe a narrow rod of density arising at each level of heads that has
the correct size and orientation to be the subfragment-2 (S2) portion
of the myosin tail connecting the two heads to the subfilament
(Figs 2a, 3a and 4).

Interpretation of reconstructions is aided, and their effective
resolution extended, by computationally ‘fitting’ atomic structures
of the constituent subunits into the corresponding features in the
reconstruction. The only available atomic model of a two-headed
myosin is based on cryo-electron microscopy of two-dimensional
crystals of vertebrate smooth muscle myosin®". In the OFF state (in
which the regulatory light chains are dephosphorylated), this myosin
shows an asymmetric interaction between its two heads, with the
actin-binding region of one head (the ‘blocked’ head) interacting
with the converter and essential light chain regions of the other (the
‘free’ head). Simple visual inspection suggests that this asymmetric
atomic structure fits into the ] motif of the reconstruction (Fig. 1c, d).
This is confirmed by 3D fitting of the motor domains and the light
chain domains of the two heads as four independent rigid bodies
(Fig. 3; see also Supplementary Movies 4, 5). An excellent fit to the
density map is obtained that preserves the main characteristics of the
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original atomic model, particularly with respect to the asymmetric
motor domain interaction. There is a minor (~20 °) difference in the
angles that the light chain domains make with the motor domains
(consistent with the known flexibility of the light chain domain/
motor domain junction™'®), but the spatial relationship of the light

Figure 1| Cryo-electron micrographs and 3D reconstruction of purified
tarantula thick filaments. a, Field of filaments showing arrowhead motifs,
pointing towards the central ‘bare zone’ (BZ) —the region free of myosin
heads, where filament polarity reverses. This image was taken at high

(4.6 pm) defocus to enhance contrast. b, High magnification filament image
showing backbone substructure parallel to the filament axis. ¢, Surface view
of 3D reconstruction (bare zone at top; compare with Supplementary Fig. 1).
The repeating motif, representing a pair of myosin heads, has the appearance
of a tilted J (see d); a similar motif was seen, less clearly, in a helical
reconstruction of negatively stained tarantula filaments®. The filament
backbone, lying beneath the heads, consists of subfilaments spaced ~4 nm
apart and running parallel to the filament axis. d, Diagram showing
interpretation of ] motif in terms of a pair of interacting myosin heads® bent
towards the tail (heads and tail not to scale; tail truncated; compare with
Fig. 5b).
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chain domains to each other is essentially unchanged. Thus the head—
head interaction previously observed in single molecules, and
suggested to be the structural mechanism by which actomyosin
ATPase is switched OFF, is also a key feature of the relaxed native
filament.

In addition to the volume filled by the two heads, a rod-like
volume of density was observed running from the junction of the
light chain domains at a shallow angle towards the filament shaft in
the direction of the bare zone, eventually merging with the subfila-
ment density (Figs 2a, 3a and 4). The size and positioning of this
density suggest that it is the first portion of the myosin S2 tail
emerging from the heads, and a 2 nm-diameter coiled-coil model of
this part of S2 (ref. 3) is readily accommodated by the volume
(Fig. 4a, b; see also Supplementary Movie 6). Thus the heads of the
myosin molecule in the reconstruction are seen to be bent back
towards the tail (Figs 1d, 3a, 4a and 5a, b). This ‘bent-back’ orientation
has been shown to characterize the OFF-state of myosin molecules
isolated from both vertebrate smooth'”'®' and scallop striated
muscle'?. Our fitting shows that this structure is also present in the
filament. In addition, it reveals further intramolecular interactions that
may contribute to the relaxed state of the filament. S2 lies close to the
actin-binding interface of the blocked head (Fig. 5a, c; see also
Supplementary Movie 5), consistent with the location of the myosin
tail in isolated molecules in the OFF-state'®. This interaction may help
to keep the blocked head from interacting with actin in relaxed muscle.
Our model may therefore explain both the necessity of a minimal

Figure 2 | Surface rendition of thick filament reconstruction looking along
the filament axis from the bare zone. a, Single 14.5 nm repeat containing
portions of two crowns of myosin heads, revealing the fourfold symmetry of
the myosin head arrangement. The red circle indicates a rod-like volume,
tilting towards the filament backbone, of size and location consistent with
the initial portion of S2 of the myosin tail (Fig. 4; see Supplementary Fig. 2,
Movies 2 and 3). b, Full 43.5 nm repeat (containing three 14.5 nm repeats),
illustrating the presence of twelve subfilaments in the backbone running
parallel to the filament axis (compare with Supplementary Fig. 3). Each
subfilament (red circle), ~4 nm in diameter and centred ~8 nm from the
filament axis, appears to be continuous through a full repeat. The material at
lower radius in the filament core is of low density, possibly representing
small amounts of nonmyosin proteins (Supplementary Fig. 3).
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length of S2 for regulation®' and the importance of the actin-binding
domain in the regulatory mechanism??.

The model also reveals possible intermolecular interactions
between myosin molecules in different crowns, which can occur in
the filament but not in single molecules. The converter and SH3 (src
homology 3) regions of the blocked head lie close to the S2 arising
from the next pair of heads away from the bare zone (Fig. 5b, ¢). The
converter domain has been reported to be necessary for regulation®.
The essential light chain from the blocked head lies over the actin

Blocked

Figure 3 | Fitting of heads of smooth muscle HMM atomic model (PDB 1i84,
ref. 3) to the tarantula thick filament 3D reconstruction. a, Best fit of
atomic structure (space filling model) to the reconstruction (translucent
envelope). The red asterisk shows a rod-like volume of density interpreted as
S2 (see Fig. 4). b, Ribbon representation of the atomic structure from a
shown without the reconstruction. MD, ELC and RLC of the blocked and
free heads represent the motor domains, essential light chains and
regulatory light chains, respectively. Note: this 2.5 nm resolution
reconstruction gives an essentially unambiguous fit to the asymmetric
HMM atomic structure. Previous ‘splayed heads’ structures were proposed
before the HMM structure was available and were based on helical
reconstruction of negatively stained filaments”® that lacked the resolution
(5nm) for an unambiguous fit.
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binding domain of the free head from the axially adjacent
molecule (Fig. 5b), which could limit interaction of the free head
with actin.

The atomic thick filament model that we have proposed reconciles
previous heavy meromyosin (HMM) crystal studies>?, single mol-
ecule EM observations'’~* and studies of regulation*'~**. In so doing,
it suggests a compelling structural model for how phosphorylation-
regulated myosin may be switched OFF in the filaments of resting
muscle, and also how the filaments may be switched ON when
muscle is activated. With this model, the relaxed heads of each
myosin molecule lie close to the filament surface, interacting with
each other, with S2 and with other myosin molecules. This would
presumably inhibit both their interaction with actin (only 2-5nm
away) and their ATPase activity (see also ref. 3). On activation of
muscle, Ca®" is released into the cytosol, increasing thick filament

Figure 4 | Fitting of S2 into the reconstruction. a, b, Part of one J-motif and
adjacent subfilaments (translucent envelope) are shown side-on (a), from
the free head side (bare zone to the right) and end-on (b), from the bare zone
(compare with top motif in Fig. 2a; see also Supplementary Movie 6). A rod-
like volume (yellow arrows) slopes in the direction of the bare zone from the
junction of the light chain domains towards the subfilaments (yellow
asterisks) in the backbone. The amino-terminal part of S2, modelled as an o~
helical coiled-coil® (red space filling model), is readily accommodated by this
volume. Note: for clarity, the blocked head (behind the free head) has been
excluded from a.
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activity by phosphorylation of the regulatory light chains**°. This
breaks the bonds attaching the heads to each other’ and to the
filament surface, such that they become mobile and disordered®**’.
They now act independently of each other, and are free to interact
with actin, leading to contraction

A striking and unexpected revelation from our studies is the
finding that the atomic structure of a vertebrate smooth muscle
myosin molecule gives an excellent fit to the EM reconstruction of an
invertebrate striated muscle myosin filament. The precision of this fit
between such distantly related systems suggests that the intramol-
ecular, interacting-head structure may be a general motif for the
relaxed state of phosphorylation-regulated myosin filaments in
smooth and striated muscles of many species** > (although the
intermolecular interactions may vary). Evidence that this structure
may also occur in filaments regulated by direct Ca®* binding comes
from EM of scallop myosin molecules, where interacting heads"
(pointing back towards the tail'®*°) also characterize the OFF state.
The similarity of nonmuscle myosin II to smooth muscle myosin
suggests that nonmuscle myosin, although monomeric in the OFF-
state®, will also adopt this structure. The ordered heads of relaxed
vertebrate striated muscle are apparently close to each other' and,
like tarantula filaments®®, become disordered on phosphorylation,
enhancing their activity”’. This suggests that comparable (possibly
weaker) interactions could also hold the heads in place in the
dephosphorylated state of vertebrate striated muscle. We are cur-
rently carrying out studies on thick filaments from other systems to
test these possibilities.

METHODS

Preparation of tarantula thick filaments. Thick filaments from tarantula
muscle were studied because they have a highly ordered array of heads’, whose
activity is regulated by phosphorylation®, similar to the closely related Limu-
lus*. Filaments were isolated from tarantula leg by homogenization of detergent
skinned muscle in a relaxing medium, and purified free of thin filaments using
gelsolin to sever actin®.
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Figure 5 | Intramolecular and
intermolecular interactions of myosin
heads. a, Combined atomic models
(ribbon representation) from Figs 3 and
4, including the two heads and two S2
‘segments’ (ref. 3), as viewed from the
underlying subfilaments (compare with
Supplementary Movie 5). Regions of
possible intramolecular interactions
include: the free motor domain and
blocked motor domain (yellow ellipse);
the blocked motor domain and free
essential light chain (yellow circle); and
the blocked motor domain and the S2
(yellow bracket). b, Surface
representation of the reconstruction
showing atomic models of HMM fitted
into motifs from successive crowns. The
S2 from the lower pair of heads has been
extended towards the bare zone to fill a
longer portion of the volume in this
region. Possible intermolecular
interactions are shown between the
blocked essential light chain and the free
motor domain (yellow ellipse), and the
blocked motor domain and S2 (yellow
bracket). ¢, Space filling model viewed
from the bare zone (compare with Figs
2a and 4b) showing S2’s (red) making
intramolecular contacts with the actin-
binding region of the blocked motor
domain (AB, left arrow) and
intermolecular contacts with the
converter (Cnv) and SH3 regions of the
blocked motor domain (right arrow).

Cryo-electron microscopy. Filaments were prepared for cryo-electron
microscopy using holey carbon films glow-discharged in an atmosphere of
amylamine. Blotting and freezing in liquid ethane were carried out in a humid
chamber at 80% relative humidity®®. Micrographs for image processing were
recorded on Kodak S0163 film under low dose conditions on a Philips CM 120
cryo-electron microscope, using a defocus of ~1.5 pm.

Image processing. Negatives were scanned on an Agfa DuoScan T2000 XL at a
pixel size of 0.53 nm in the original specimen. Filaments were aligned with the
bare zone at the top before scanning, to ensure the correct polarity in subsequent
steps. Reconstruction of helical objects, such as myosin filaments, is traditionally
carried out by helical techniques, which take advantage of the fact that a single
projection image contains many different views of the repeating subunit. When
the symmetry of a filament involves a relatively small integer number of subunits
per turn, as with many myosin filaments, this benefit is significantly reduced, and
strictly helical approaches become more difficult’. We therefore carried out 3D
reconstruction by the Iterative Helical Real Space Reconstruction (THRSR) single
particle method", using the SPIDER software package®, which avoids this
limitation. The reconstruction was based on ~5,000 segments, each 53 nm long
with an overlap of 48 nm, from ~60 different filament halves. The total number
of unique pairs of myosin heads that went into the reconstruction was ~7,200.
Initial reference models used for the reconstruction were helical reconstructions
derived either from an earlier negative stain data set” or the current cryo data. All
gave the same final structure. The resolution of the reconstruction was ~2.5 nm
according to Fourier shell correlation (FSC) using a 0.5 threshold. Accordingly,
the reconstruction was low pass filtered to 2.5nm. Surface renderings were
carried out with UCSF Chimera®. Computational fitting of the atomic model of
smooth muscle HMM (PDB 1i84) (ref. 3) to the reconstruction was carried out
manually within Chimera.
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