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Myosin filaments of muscle are regulated either by phosphoryla-
tion of their regulatory light chains or Ca?* binding to the essential
light chains, contributing to on-off switching or modulation of
contraction. Phosphorylation-regulated filaments in the relaxed
state are characterized by an asymmetric interaction between the
two myosin heads, inhibiting their actin binding or ATPase activity.
Here, we have tested whether a similar interaction switches off
activity in myosin filaments regulated by Ca* binding. Cryo-elec-
tron microscopy and single-particle image reconstruction of Ca?*-
regulated (scallop) filaments reveals a helical array of myosin head-
pair motifs above the filament surface. Docking of atomic models
of scallop myosin head domains into the motifs reveals that the
heads interact in a similar way to those in phosphorylation-regu-
lated filaments. The results imply that the two major evolutionary
branches of myosin regulation—involving phosphorylation or Ca*
binding—share a common structural mechanism for switching off
thick-filament activity in relaxed muscle. We suggest that the Ca?*-
binding mechanism evolved from the more ancient phosphoryla-
tion-based system to enable rapid response of myosin-regulated
muscles to activation. Although the motifs are similar in both sys-
tems, the scallop structure is more tilted and higher above the
filament backbone, leading to different intermolecular interactions.
The reconstruction reveals how the myosin tail emerges from the
motif, connecting the heads to the filament backbone, and shows
that the backbone is built from supramolecular assemblies of my-
osin tails. The reconstruction provides a native structural context
for understanding past biochemical and biophysical studies of this
model Ca?*-regulated myosin.

scallop muscle | molluscan muscle | thick-filament structure |
3D reconstruction | muscle regulation

Contractile activity in muscle is switched on and off by protein
subunits on the thick (myosin-containing) and thin (actin-
containing) filaments (1). Regulation via myosin is based on either
Ca”*-dependent phosphorylation of the myosin regulatory light
chains (RLCs) (this mode of regulation occurs in vertebrate
smooth muscle and some invertebrate striated muscles) or Ca**
binding to the essential light chains (ELCs) (occurring in some
invertebrate striated muscles) (2-6). In some muscles (vertebrate
striated and some invertebrate striated), phosphorylation modu-
lates activity but is not required for muscle activation (2, 7, 8).
Electron-microscopic studies of vertebrate smooth muscle myosin
molecules have revealed that, in the relaxed (dephosphorylated)
state, the two myosin heads in a molecule interact with each other
asymmetrically so that the actin-binding region of one (the
“blocked” head) is blocked by interaction with the converter do-
main and ELC of the other (the “free” head). It is thought that this
switches off actin-binding and ATPase activity of the blocked and
free heads, respectively (9, 10), contributing to muscle relaxation.
Phosphorylation of the RLC releases the two heads so that they
can hydrolyze ATP and interact with actin.

In striated muscle, myosin molecules do not function as
monomers, but are assembled into bipolar polymers (filaments),
in which the tails form the filament backbone and the heads lie on
the surface in helical arrays (11, 12). It was initially unknown
whether the interacting-head conformation of isolated molecules
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also characterized native myosin filaments. This question was
answered by cryo-electron microscopy (cryo-EM) and 3D re-
construction of filaments isolated from relaxed tarantula striated
muscle, where a similar head arrangement was seen (13). This sug-
gests that phosphorylation-regulated filaments in vivo are switched
off by a similar mechanism to that proposed for isolated mole-
cules. The filaments also showed interactions between the sub-
fragment 2 (S2) portion of the myosin tail and the blocked head,
and between heads at different axial levels of the filament (13).

The striking similarity between the head organization in isolated
myosin molecules from vertebrate smooth muscle (9, 10) and in
native myosin filaments from invertebrate striated muscle—two
widely divergent systems—suggests that this organization is highly
conserved in phosphorylation-regulated/modulated systems (13),
and probably evolved before the divergence of vertebrates from
invertebrates more than 600 million years ago (14). The observa-
tion of similar head-head interactions in other myosin filaments
and molecules regulated or modulated by phosphorylation sup-
ports this view (15-17). Our goal here has been to answer the
evolutionary question: does this interacting-head motif also
characterize filaments of the other major branch of the myosin
regulatory tree, in which Ca®* binding to the myosin head switches
on contraction (5, 6). Although support for this possibility has
come from the observation of single myosin molecules (18), pre-
vious studies of filaments have suggested a very different structure,
in which the heads are splayed apart from each other (19-21).
Using cryo-EM and 3D reconstruction of scallop myosin filaments,
we demonstrate that the interacting-head motif does indeed
characterize relaxed Ca®*-regulated filaments, directly demon-
strating the evolutionary importance of this structure. A pseu-
doatomic filament model produced by atomic fitting to the
reconstruction provides a 3D structural context for understanding
previous biochemical and biophysical studies of Ca**-regulated
myosin (reviewed in ref. 6).

Results

EM of Frozen-Hydrated Scallop Myosin Filaments. Thick filaments
were purified under relaxing conditions from chemically skinned
striated adductor muscle of the sea scallop Placopecten magellanicus
(regulated by Ca** binding to the myosin heads). When observed
by cryo-EM, most filaments showed relatively weak features, the
most prominent being cross-striations at ~14-nm intervals (Fig. 1
A and B, and Fig. S1 4 and B). An averaged power spectrum of the
16 filament halves used in the reconstruction showed layer lines
extending to the 30th order (4.8 nm) of a 144-nm filament repeat
(19-21) (Fig. 1C and Fig. S2B). The reflections were similar in
radial and axial position to those in X-ray patterns of living scallop
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Fig. 1. Cryo-EM of scallop thick filaments. (A) Cryo-electron micrograph of
purified filaments. BZ, bare zone. (Scale bar: 200 nm.) (B) Enlargement of
part of one filament, bare zone at top. (Scale bar: 50 nm.) (C) Average power
spectrum of the filaments used in the reconstruction, showing layer lines
indexing on repeat of ~144 nm (19, 20). The main helical tracks give rise to
a layer line at the third order of 144 nm (~48 nm) and to a meridional re-
flection at ~14.4 nm (10th order), corresponding to the axial spacing be-
tween crowns of myosin heads. The weak 29-nm transverse periodicity
reported in negatively stained filaments (20) was only occasionally apparent
in our images, in agreement with previous cryo-EM of scallop filaments (21),
and with the weakness of reflections at the third and fifth orders (~5.8 and

9.6 nm) of this spacing in the power spectrum (cf. ref. 19).

muscle [Fig. S24 and B, and Table S1 (19, 22)], suggesting that the
native structure was well preserved in the cryo images. The
strongest reflections were an off-meridional layer line at a spacing
of 48 nm, corresponding to the axial distance between the main
long-pitch myosin helices (20), and meridional reflections at 14.4
and 7.2 nm—the first and second orders of the 14.4-nm axial

spacing of myosin heads (Fig. 1C and Fig. S2B).

Three-Dimensional Reconstruction of the Scallop Myosin Filament.
Three-dimensional reconstruction was carried out using a single-
particle approach on the 16 best filament halves (from a total of
279). Selection was based on filament straightness, appearance
after helical filtration, and individual reconstruction quality. In-
clusion of more filaments (of lower quality) caused the recon-
struction to deteriorate, presumably due to poorer head order in
the additional filaments. The resolution of the reconstruction (based

on a Fourier shell correlation of 0.5) was ~5.0 nm.

The reconstruction revealed the organization of myosin heads
into sevenfold symmetric “crowns” spaced 14.4 nm apart (20) (Fig.
2 and Movie S1). A clockwise 15.6° rotation between successive
crowns, proceeding away from the viewer, generates seven steeply
angled, coaxial, right-handed helices, creating a structure with an
overall repeat of 144 nm (19-21). A density projection of the
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reconstruction showed features similar to those in the original
micrographs (Fig. S1 B-D). The power spectrum of the reconstruc-
tion was also similar to that of the filaments (Fig. S2 B and C). The
outside diameter of the reconstruction was ~42 nm (21), similar to
the diameter directly measured in cryo-EM images (23). All of these
observations support the validity of the reconstruction.

Arrangement of Myosin Heads. The most striking feature of the
reconstruction was a repeating motif resembling the tilted “J”
structure seen in phosphorylation-regulated filaments (Figs. 2 and
34) (13, 16). In these filaments, the motif is created by the
asymmetric, intramolecular interaction between the two heads of
each myosin molecule. Our results suggest that a similar structure
is present in Ca®"-regulated filaments. However, unlike the ar-
thropod filaments, the heads form a shell of density ~4 nm above
the filament backbone, rather than closely contacting it [Fig. 4 4
and B (21)], and the J-motifs are more steeply tilted and azi-
muthally closer together than in the arthropods (Figs. 2 and 34).

Atomic Fitting. We gained insight into the molecular organization
of the myosin heads by docking atomic structures of scallop myosin
head and S2 tail domains into the reconstruction (Figs. 2 and 3,
and Movies S1, S2, S3, and S4). The structures used were the
motor domain (MD) of the prepower stroke state head [Protein
Data Bank (PDB) ID code 1QVI (24)], the regulatory domain
(RD) in the low-Ca** state [PDB ID code 3JTD (25)], and S2
[PDB ID code 3BAS (26)]. The fitting revealed multiple contacts
between the myosin heads within a pair, between pairs within
a crown, and between heads from different crowns. The head and
S2 domains also came into close proximity. Although some of
these contacts closely resembled those in smooth muscle, taran-
tula, and Limulus, others were different and may represent spe-
cializations of the Ca**-regulatory mechanism.

Intramolecular contacts. The regions of contact between the free and
blocked scallop motor domains are essentially the same as those in
the tarantula atomic model (13, 27). Thus, the actin-binding in-
terface of the blocked head is close to the converter domain and

UMOI7)

14.4 nm

Fig. 2. Three-dimensional reconstruction and atomic fitting of scallop fila-
ment. (A) Longitudinal view of filament segment containing five crowns,
showing paired myosin head motifs (tilted “J”) in sevenfold symmetric
crowns, 14.4 nm apart; three of the seven, steeply angled, right-handed
helices are arrowed, and one is marked with a dashed line (Movie S1). Bare
zone direction toward top; reconstruction low-pass filtered to 5-nm resolu-
tion (the calculated resolution of the reconstruction). (B) Fitting of space-fill
atomic structures of scallop myosin head domains and S2 to one motif. The
majority of the mass lies across the top of the “J” (the combined MDs) and is
oriented almost along the right-handed helices (repeat ~48 nm), consistent
with the prominence of the 48-nm layer line in the filament power spectrum
(Fig. 1C) and in X-ray patterns of scallop muscle (19). The stem and curl of the
J represent the two light chain domains. Green, cyan: blocked and free MDs,
respectively; orange, pink: blocked and free ELCs; yellow and beige: blocked
and free RLCs; red, S2. See also Movies S2, S3, and 5S4.
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ELC of the free head (9, 13, 27) (Fig. 2B). In addition, as in ta-
rantula, the N-terminal segment of S2 is close to the actin-binding
cleft of the blocked MD (Fig. S3 and Movie S3), and the RLC N-
lobes are also close to each other (13, 27) (Figs. 2B and 3B). A
possible difference from tarantula is the close proximity of the
scallop RLC C-lobes to each other and their apparent contact with
S2 (Fig. 3 B and C, and Movie S3), neither of which appears to
occur in tarantula. These contacts suggest possible paths for
intramolecular communication that are absent in phosphoryla-
tion-regulated structures. However, the RLC domains of the ta-
rantula model (13) were based on a skeletal model (9), and it has
since been reported that a scallop model produces a better con-
nection to S2 in this region for smooth muscle (28). Therefore, it is
possible that the use of a scallop model may also introduce
changes in the tarantula fit.

Intermolecular contacts. In addition to these intramolecular contacts,
the head motifs also appear to make intermolecular contacts
around the circumference of a crown as well as between crowns
along the long-pitch helices (Fig. 34). The proximity of head-pairs
within a crown creates a continuous ring of contacts that appears
to involve the SH3 domain of each blocked MD and the upper S0K
region of the adjacent free MD. Such contacts do not occur in
tarantula, where the motifs are widely separated within a crown.
Along the long-pitch helices, contacts appear to occur between the
actin-binding loop of the free MD and the blocked RD of the next
head closer to the bare zone—specifically the Ca*"-binding site in
the N-lobe of the ELC and the C-lobe of the RLC, near its junction
with the ELC (Fig. 3C). The SH3 domain of the free MD is also
close to the N-lobe of the blocked RLC (Fig. 3C). In the tarantula
structure, close contact occurred between S2 from one motif and
the converter and SH3 domains of the blocked head in the next
motif closer to the bare zone (13). In the scallop, the heads are
above the backbone surface (Fig. 4), and these intermolecular
contacts do not occur.

Filament Backbone. The reconstruction also reveals substructure in
the filament backbone. In transverse view, the backbone has a
polygonal appearance (Fig. 44) created by an outer layer of seven
repeating structures, in which the highest density (at the surface)
tapers to a lower density toward the filament center. The central
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core of the filament shows relatively low protein density. In lon-
gitudinal view at high contour cutoff level, these structures appear
to run as right-handed helices with the same pitch as the seven
helices of myosin heads (Fig. 4B), thus pairing each with one
strand of head motifs (21). When lower densities are included, the
appearance becomes more complex (21) and is difficult to in-
terpret. This appearance of “subfilaments” is consistent with
previous observations (21, 29) and supports the general concept of
the assembly of myosin molecules into higher order structures
within thick-filament backbones. The subfilaments in the scallop
are larger than the 4-nm-diameter subfilaments (containing three
molecules in cross-section) seen in the arthropods (13, 30). It
is possible that those in the scallop are built from such smaller
(4-nm-diameter) subfilaments (Fig. 4B), but detailed interpretation
remains speculative (29).

Discussion

Evolutionary Implications of the Reconstruction. Our 3D reconstruc-
tion shows that, in native thick filaments of the scallop, a species
regulated by direct binding of Ca®* to the ELC on the myosin
heads, the inactive (switched-off) state is characterized by intra-
molecular contact between the motor domains of the two heads. It
seems likely that a similar structure is also present in other species
(31) regulated by Ca** binding. The contact appears to involve a
similar interface to that used in switching off phosphorylation-
regulated myosin filaments (13, 16) and molecules (9, 10, 17). The
key conclusion from these observations, therefore, is that both
major branches of the myosin regulatory tree—one regulated by
RLC phosphorylation and the other by Ca®* binding to the ELC—
appear to depend on a similar structural mechanism for switching
off myosin activity, despite their different triggers. This is sup-
ported by in vitro observations of isolated scallop myosin mole-
cules in the off state, which show a folded-back (32), interacting-
head (18) structure similar to that seen in the reconstruction, and
from mutational studies suggesting an asymmetric structure for
scallop myosin (33). A similar structure may also occur in un-
regulated (vertebrate striated) myosin filaments (15). Our findings
therefore provide further critical evidence that this off-state
structure is highly conserved and most likely evolved more than
600 million years ago, before vertebrates and invertebrates

Fig. 3. Intermolecular and intramolecular contacts between myosin heads. (A) Fitting of scallop myosin head and S2 atomic structures to multiple motifs,
showing apparent intermolecular contacts between blocked- and free-head MDs in the same crown, and between free-head MD in one crown and blocked-
head RD in the next. Color scheme is as in Fig. 2. See also Movie S1. (B) Atomic fitting of the light chain domains suggests close proximity of the blocked- and
free-head RLCs to each other (yellow, beige, respectively) at both their C and N lobes, and possible contact of the RLCs with S2 (red) in the interacting-head
motif. (C) a-Carbon chain fit of free-head MD in one crown and RD of adjacent myosin in the same helix in next crown closer to the bare zone (HCs in regulatory
domain omitted for clarity). The free-head MD in the lower crown comes close to the Ca®*-binding residues of the blocked-head ELC (green-circled white
spheres) in the next. The Caz"—binding site on the free head (yellow circle) is not involved in intermolecular interaction. C, N: C and N lobes of RLC and ELC.
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Fig. 4. Backbone structure of scallop thick filament. (A) Transverse com-
bined surface mesh and density projection of one myosin head crown,
viewed toward bare zone. The filament backbone consists of seven high-
density (white) features (subfilaments). Density at high radius is dominated
by end-on views of blocked and free motor domains of each head pair; one
motif has been fitted with head and S2 atomic structures as in Fig. 2. The red
circles indicate possible arrangement of 4-nm-diameter subfilaments mak-
ing up the larger subfilament. (B) Longitudinal surface view at high contour
cutoff (from subset of filaments showing backbone features especially well)
reveals subfilaments running with the same right-handed twist as the my-
osin head helices; heads at front of filament removed to expose subfila-
ments. Bare zone is toward top.

diverged (13). This would suggest a common structural mechanism
for switching off myosin II across most of the animal kingdom.

Relation to Previous Reconstructions. There have been three pre-
vious 3D reconstructions of scallop thick filaments. In two, based
on negative stain data (20, 34), the heads were close to the filament
backbone, but not individually resolved. In a preliminary cryo-EM
reconstruction (21), the heads were shown to be above the back-
bone (as found here), suggesting that the appearance in negative
stain was an artifact. It was concluded that the heads had different
conformations from each other and were splayed apart axially
(21), although the reconstruction did not unambiguously define
the two heads. Our reconstruction resolves the heads, and atomic
fitting demonstrates that they lie close together, rather than
splayed apart. Fig. S4 shows how the different reconstructions can
be reconciled.

Myosin Head Interactions and the Mechanism of Regulation. Because
atomic structures of scallop S1 and S2 are available, we were able
to build an atomic model of the scallop filament containing ex-
clusively scallop conformations and sequences (Figs. 2B and 3).
The hybridization and homology modeling that was required in
atomic fitting of previous reconstructions was therefore avoided
(13, 16, 27). In addition, the head domains were in the appropriate
biochemical state [MD in ADP.Vi state (1QVI), RD in low-Ca**
state (3JTD)] for the relaxed filament structure to which they were
fitted. The resultant atomic model is supported by fluorescence
resonance energy transfer measurements indicating that the av-
erage distance between residues 50 on the two RLCs of scallop
myosin is at least 5.0 nm (35), consistent with our measured dis-
tance (also 5 nm). Cross-linking studies indicate that these RLC
locations can sometimes approach as close as 0.2 nm (36), im-
plying large excursions of the heads from their average position,
consistent with the disorder seen in our cryo-images (21) and with
the weakness of myosin reflections beyond 5-nm resolution in
X-ray diffraction patterns of scallop muscle (19, 22).

Most of the intramolecular and intermolecular interactions in-
volved in regulation are likely to be ionic, as regulation of scallop
filaments is profoundly affected by ionic strength (37). The
intramolecular interactions observed in both phosphorylation- and
Ca*"-regulated filaments suggest a mechanism for switching off
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activity in which contact between the two heads and between the
blocked head and S2 contribute to myosin inhibition by physically
restricting myosin head mobility (9, 13). Formation of these
interactions may depend on specialized features of these myosins.
Crystallographic studies show that the region of S2 near its junc-
tion with the heads is unstable in regulated myosins, consistent
with the suggestion that uncoiling of approximately two heptads
may be required to enable the heads to adopt their asymmetric,
interacting positions in the off state (26, 38-40). X-ray studies of
the scallop RD suggest that formation of these interactions may
also depend on increased flexibility of the regulatory domain heavy
chain (HC) that results from reduction in the interaction of the
ELC with the RLC upon loss of Ca** (25). Our fitting suggests
close contact between the two RLCs and between the RLCs and
S2 (Fig. 3C), which may stabilize these flexible regions of S2 and
the RD in the relaxed filament (Fig. 3C), forming a possible off-
state “regulatory complex.” Interaction of the N lobes of the two
RLCs could modulate the mechanical characteristics of the head/
rod junctional region and provide a structural pathway for com-
municating activation/relaxation signals between heads (6). Stiff-
ening of the RD upon Ca*" binding (25) may disrupt RLC-RLC
and RLC-S2 interactions, in turn reducing the stabilization of
the unwound N-terminal region of S2 (26) and leading to the
increased freedom of movement of the heads that occurs when
scallop myosin is activated (32). Thus, activation may result not
from transmission of a directed conformational change along the
myosin heads from the RLC region to the head-head interface,
but from increased thermal motion of the heads made possible
by an increase in flexibility of the head/rod junction.

Although the intramolecular interactions between heads appear
similar in Ca®"- and phosphorylation-regulated filaments, in-
termolecular contacts, within crowns and along helical tracks (Fig.
3A4), are different and may represent specializations of the Ca**-
regulatory system. These contacts—not present in single molecules
(18)—may further shut down myosin activity and could contribute
to the structural mechanism underlying the “super-relaxed” state
thought to be present in scallop and other species, in which ATP
turnover by myosin filaments is highly inhibited (41). Proximity of
the free head MD in one crown to the ELC Ca**-binding residues
of the blocked head in the next crown (Fig. 3C) may impede Ca®*
binding to the blocked head. Upon activation, Ca** may bind ini-
tially to the free heads, where access is unimpaired. If this weakens
their various interactions, these heads may become more mobile,
allowing Ca** to bind more readily to the blocked heads, thus
leading to cooperative activation of the filament as a whole (6,
42). A similar sequence of free and blocked head activation has
been proposed for tarantula filaments based on the differential
accessibility of myosin light chain kinase to phosphorylation sites
on the free- and blocked-head RLCs (43).

The significant degree of head disorder seen in individual
scallop filament images and implied by the low resolution of
scallop muscle X-ray diffraction patterns suggests that the relaxed
interactions between heads are relatively weak. The additive effect
of multiple, weak interactions appears to keep the filament
switched off (13), and may also be a requirement for the rapid
activation that occurs when Ca”" levels rise (44). When scallop
filaments are activated by Ca®*, the myosin heads become disor-
dered on the millisecond timescale (23), consistent with breaking
of the head-head and other interactions, allowing free head
movement and interaction with actin. The rapid reordering of
heads that occurs upon relaxation (45) suggests that the structure
and interactions that we have described are essential features of
the relaxed state.

Relation to Vertebrate Smooth Muscle Thick Filaments. The thick
filaments of vertebrate smooth muscle have a nonhelical, “side-
polar” structure in which heads on opposite sides have opposite
polarity (46, 47). Although the heads in relaxed filaments
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presumably have similar intramolecular interactions to those in
molecules (9), this has not yet been demonstrated, owing to the
lability of these filaments, and potential intermolecular inter-
actions remain unknown. The close relationship between verte-
brate smooth and scallop striated muscle myosin (6, 18, 25, 28, 48),
together with certain structural similarities between scallop and
smooth muscle filaments, suggests that the scallop reconstruction
may hold clues to molecular organization in the side-polar struc-
ture. The packing of myosin heads within a crown in the scallop is
much tighter than in other striated muscle filaments (13, 15, 16),
leading to azimuthal contacts between neighboring blocked and
free motor domains that are absent from these other systems (Fig.
3A4). Geometric considerations (47, 49, 50) suggest similarly tight
packing in side-polar filaments, which might thus involve similar
azimuthal interactions to those in scallop. Tomographic recon-
struction of smooth muscle filaments will be required to test
this prediction.

Conclusions

The results of this study fill a crucial gap in our understanding of
the evolution of muscle regulation. Our reconstruction suggests
that the shutting down of myosin filament activity that leads to
relaxation is accomplished through a similar structural mechanism
in both major branches of the myosin regulatory tree (phosphor-
ylation and Ca* binding). Not only is the interacting head motif
similar in both systems at the filament (13, 16) and single-molecule
(18) level, but crystallographic studies of the RD suggest that the
mechanism of activation may also be similar, although with dif-
ferent triggers (25). Recent genome-mining studies suggest that
phosphorylation of the RLC by myosin light chain kinase is the
most ancient mechanism for regulating actomyosin interaction
(51). This mechanism must have sufficed for early, slowly con-
tracting muscles, and persists today in nonmuscle, smooth muscle,
and primitive striated muscle contractile systems (51). However,
the slow speed of such an enzymatic reaction would not be ade-
quate for striated muscles dependent on a rapid twitch response. It
thus appears likely that the relaxed head-head interaction may
have evolved in molluscs [and other species regulated by Ca®*
binding to myosin (31)] as a rapidly activatable adaptation of the
early, phosphorylation-dependent structure. Other species have
solved the rapid response problem by switching regulation to the
thin filaments, where troponin rapidly binds and releases Ca** (1).
In these systems, the relatively slow response brought about by
enzymatically induced RLC phosphorylation has been retained
but is used here to modulate contractility on a longer timescale (2).

Materials and Methods

EM. Scallops (Placopecten magellanicus) were obtained from the Marine
Biological Laboratory and stored in a marine aquarium at 12 °C. Myosin
filaments were purified from the striated portion of the adductor muscle by
detergent skinning of small fiber bundles in relaxing medium [100 mM Nacl,
3 mM MgCl,, 5 mM MgATP, 1 mM EGTA, 5 mM Pipes, 5 mM NaH,PO,4, 1 mM
NaN3 (pH 7.0)], followed by brief homogenization, centrifugation, and
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6. Chantler PD (2006) Scallops: Biology, Ecology and Aquaculture, eds Shumway SE,
Parsons GJ (Elsevier, Amsterdam), pp 231-320.

7. Craig R, Padron R, Kendrick-Jones J (1987) Structural changes accompanying phos-
phorylation of tarantula muscle myosin filaments. J Cell Biol 105(3):1319-1327.

8. Stull JT, Kamm KE, Vandenboom R (2011) Myosin light chain kinase and the role of

myosin light chain phosphorylation in skeletal muscle. Arch Biochem Biophys 510(2):
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resuspension (23). Specimens were prepared for cryo-EM by applying 6 pL of
filament suspension to a holey carbon grid, blotting to a thin film, and then
plunging into liquid ethane (23). Grids were examined at 120 kV under low-
dose conditions in a Philips CM120 cryo-electron microscope (FEI) using
a Gatan 626 DH cryoholder at approximately —184 °C. Images of filaments
suspended in vitreous ice over holes in the carbon film were recorded under
low-dose conditions on Kodak S0163 film at a magnification of 35,000x and
defocus of ~1.5 pm. A second image, used to determine filament quality,
was then obtained at 4.6-um defocus.

Image Processing. EM negatives were scanned on an Imacon FlexTight Pre-
cision scanner (Hasselblad) to give a pixel size of 0.51 nm in the original image.
Each half-filament was oriented with the bare zone at the top to ensure
correct relative polarity. Fast Fourier transforms and their averages were
computed with ImageJ (W. S. Rasband, ImagelJ, National Institutes of Health,
Bethesda, MD; http:/imagej.nih.gov/ij; 1997-2011). Three-dimensional re-
construction was carried out on individual filament halves by single-particle
methods using the SPIDER software package (52), assuming myosin head
crowns with a rotational symmetry of 7, an axial rise of 14.4 nm between
crowns, and a repeat of 48.0 nm (19-21) (S/ Materials and Methods). Owing to
possible perturbations in the myosin helix (20), only regions at least 150 nm
from the bare zone and the filament tip were used. Individual reconstructions
were aligned using University of California, San Francisco (UCSF) Chimera
(53), and then averaged in SPIDER. The final average was based on images
from 16 filament halves, selected from an original 279 on the basis of
straightness, appearance after helical filtration (clear 14.4-nm myosin head
cross-striation and 48-nm-spaced oblique lines, indicating helical preserva-
tion), and individual reconstruction quality. The reconstruction contained
information from 402 filament segments, each 72.5 nm long, with a stagger
of 14.4 nm between segments from the same filament. The total number of
unique pairs of myosin heads that went into the reconstruction was 3,260.
Reconstructions were rendered using Chimera (53).

Computational Fitting. Docking of atomic models into the reconstruction was
carried out manually within Chimera (53). The limited (~5.0-nm) resolution of
the reconstruction precluded unambiguous fitting of individual motor and
regulatory domains in a single step [which had been possible when fitting
the higher-resolution tarantula and Limulus reconstructions (13, 16)]. A two-
step procedure was therefore used. Preliminary fitting was carried out using
hybrid atomic models for the complete interacting-head motif derived from
smooth muscle heavy meromyosin (PDB ID code 1184) (9) or tarantula myosin
filaments (PDB ID code 3DTP) (27). The best fit of the interacting motor
domains (obtained with 3DTP) was then used as a template for fitting the
MDs of the prepower stroke scallop head [1QVI (24)]. The Ca®*-free scallop
RD [3JTD (25)] was then fitted into the reconstruction density of each head
while ensuring that its N-terminal HC correctly matched up to the HC of each
MD, and that its C-terminal HC correctly joined the o helices at the N ter-
minal of the scallop S2 tail structure [3BAS (26)]. Minor adjustments were
then made to optimize the fit, resulting in a final homogeneous atomic
model containing only scallop structures (SI Materials and Methods).
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S| Materials and Methods

Three-Dimensional Reconstruction Procedure. Three-dimensional
reconstruction of scallop filaments was carried out using a modified
single-particle approach. Initially, we used the iterative helical real
space reconstruction (IHRSR) technique (1), in which filament
images are computationally cut into short segments, which are
matched against projections of a model with the correct symmetry,
rotated about the filament axis at 4° intervals. The angle of best
match determined by correlation methods is used in computing
backprojections of the images to provide a 3D reconstruction,
which is then helically averaged. This reconstruction is used as
a new model, and the process is iterated until there is no fur-
ther change in the reconstruction. This approach was straight-
forward for negatively stained scallop filaments and gave a
3D reconstruction with ~6-nm resolution, similar in appearance
to published reconstructions based on negative staining (2, 3)
(Fig. S4A4).

However, the same procedure failed with unstained, frozen-
hydrated filaments. The high level of symmetry (sevenfold rota-
tional symmetry), together with the high intrinsic noise and low
contrast of the images, caused the projection matching to fail, as
many of the different views of the segments looked very similar to
each other. In addition, the subfilament structure of the backbone
tended to dominate the projections so that head alignment was
compromised. We therefore used a different approach. Using
knowledge of their symmetry (2, 4, 5), it is possible to compute
reconstructions of individual filaments by a modified IHRSR
procedure. Backprojection angles are assigned to each segment
based on this known symmetry rather than on projection matching
to a model. Reconstructions of individual half-filaments were
computed in this way and helically averaged. The resulting re-
constructions were aligned in Chimera, and then averaged in
SPIDER (using the Chimera alignment parameters) to generate
a final reconstruction.

Reconstruction Statistics and Resolution. The reconstruction was
based on the 16 best filament halves (chosen from a total of 279),
each containing an average of 25 segments, 72-nm (i.e., five
crowns) long. Individual segments used in the reconstruction were
staggered by 14.4 nm (one crown); thus, ~25 + 5 = 30 unique
crowns (=210 unique motifs due to sevenfold symmetry) were
averaged per half-filament. The total number of unique motifs
used in the reconstruction was therefore ~3,360. The recon-
struction had a resolution of ~5 nm according to the Fourier shell
correlation using a 0.5 threshold. This is comparable to the reso-
lution obtained in a previous scallop filament cryo-reconstruction
(5) and similar to the highest resolution myosin reflections re-
ported in X-ray diffraction patterns of living scallop muscle (4,
6), suggesting substantial mobility of the myosin heads in this
muscle in vivo (5). Thus, the limited resolution of the recon-
struction appears to reflect intrinsic motions of the heads rather
than problems of specimen preparation, imaging, or recon-
struction (5). The power spectrum of the reconstruction filtered
to this resolution is similar to the averaged power spectrum of the
filament images used in the reconstruction and to the myosin
component of the X-ray patterns (Fig. S2), supporting the validity
of the reconstruction.

1. Egelman EH (2000) A robust algorithm for the reconstruction of helical filaments
using single-particle methods. Ultramicroscopy 85(4):225-234.

Woodhead et al. www.pnas.org/cgi/content/short/1218462110

Atomic Fitting. Although the resolution of the reconstruction was
relatively limited, atomic fitting was substantially constrained by
the requirement of fitting multiple asymmetric motifs within the
helical tracks. Fitting was carried out in two stages. The volume
and shape of the head-pair motif in the reconstruction was broadly
similar to those of the interacting-head structure in the smooth
muscle heavy meromyosin and tarantula filament models [Protein
Data Bank (PDB) ID codes 1184 and 3DTP, respectively]; the
main density was along the top of the motif and must therefore
represent the MDs of the two heads. A good fit to this region of the
motif was obtained for the two motor domains linked as a single
rigid body, using both the smooth muscle and tarantula models,
with tarantula giving the better fit of the two. Tarantula also gave
the better fit when the two regulatory domains were fitted to the
motif as a single rigid body, separate from the motor domains.
However, the best fit for the combined motor domains was not
compatible with the best fit for the combined regulatory domains
without significant modification. This precluded a good global fit
into the motif for either of the complete atomic models (i.e.,
including all four domains as a single rigid body). We therefore
first fitted the two tarantula motor domains as a single rigid body,
and then each of the regulatory domains as individual rigid bodies,
to obtain an overall initial best fit. In addition to the boundaries
imposed by the density envelope of the reconstruction, each
regulatory domain was constrained so that the N terminal of the
heavy chain remained adjacent to the C terminal of its corre-
sponding motor domain heavy chain. The approximate fit
obtained in this way with the tarantula structure was used as
a template for initial alignment of the relaxed state (prepower
stroke) scallop atomic model for the motor domains derived from
scallop S1.ADP.Vi (PDB ID code 1QVI) (7) truncated at heavy
chain residue Met-773 [within the pliant point region, where
significant flexibility has been reported (8)]. The regulatory do-
main of this structure was not used because the S1 had been
crystallized in the presence of Ca®* and the regulatory domain
may therefore have had a different conformation from that in
the relaxed state. Instead, an atomic model of the Ca?*-free
scallop regulatory domain (PDB ID code 3JTD) (9) was used
to replace the regulatory domains in the fitted tarantula model.
[Indeed, when the ELC region of 1QVI (containing Ca** bound
to the ELC) was superimposed on the tarantula template, the
N-terminal domain of the RLC projected out of the density
envelope. When the Ca®*-free (off-state) RD (3JTD) ELC
region was superimposed over the Ca**-bound RD, the RLC
was then found to stay within the density envelope, consistent
with the expectation that an ADP.Vi MD/Ca**-free RD model
should give the best fit to the relaxed filament.] Both the motor
and regulatory domain models were then readjusted within the
density envelope to achieve the best final fit while retaining
correct heavy chain continuity between regulatory and motor
domains within each head. Finally, the remaining density joining
the two S1 regions to the filament backbone was fitted with an
atomic model of the N-terminal region of scallop myosin S2
(PDB ID code 3BAS) (10) while ensuring that the C-terminal
heavy chain truncation points were in close proximity at the
head-rod junction.

2. Vibert P, Craig R (1983) Electron microscopy and image analysis of myosin filaments
from scallop striated muscle. J Mol Biol 165(2):303-320.
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Fig. S1. Comparison of reconstruction with filament images. (A) Raw image at 4.6-um defocus; (B) same as A but with high-frequency noise removed by
Fourier filtration; (C) projection of reconstruction; (D) same as C but Fourier filtered to ~5-nm resolution. The features in the final reconstruction are consistent
with the original images (cf. also Fig. S2). A and B are in reverse contrast (protein white) for consistency with C and D.

Fig. S2. Comparison of X-ray diffraction pattern of live scallop muscle (A) (1) with power spectra of the filaments used in reconstruction (B) and of the re-
construction itself (C). The computed intensities from the filaments agree well in axial and radial position with those from the X-ray pattern (Table S1), im-
plying good preservation of native structure in the cryo-EM images. The good correspondence between the patterns in B and C supports the validity of the
reconstruction. The arrows indicate 14.4- and 7.2-nm reflections. A was originally published in Nature. Reprinted by permission from Macmillan Publishers Ltd:
Nature (1), Copyright (1975).

1. Wray JS, Vibert PJ, Cohen C (1975) Diversity of cross-bridge configurations in invertebrate muscles. Nature 257(5527):561-564, http://www.nature.com/nature/index.html.
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Fig. S3. Position of S2 in the reconstruction, showing relationship to actin-binding cleft on blocked MD (colors as in Fig. 2B).
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Fig. S4. Reconciling the reconstruction with previous scallop thick-filament reconstructions. Longitudinal (A-C, G, and H) and transverse (D-F) views of
negative stain (A, B, D, E, and G) and cryo (C, F, and H) reconstructions, all on same scale. Bare zone up in A-C, G, and H; looking toward bare zone in D-F. The
first reconstruction of scallop thick filaments (using negative staining combined with helical reconstruction methods) revealed a right-handed, helical orga-
nization of elongated motifs with sevenfold rotational symmetry (1). We (A) and AL-Khayat et al. [B (2)] obtained similar negative stain reconstructions to (1)
using single-particle techniques. Comparison with the cryo-reconstruction (C and H) suggests that the repeating motif in the negative stain structures (red oval)
corresponds only to the combined motor domains of the two heads (the strongest feature of the cryo-reconstruction) and that the weaker regulatory domains
are not visualized. In the negative stain reconstructions, the heads appear to fuse with the backbone [A, B, D, and E (1, 2)], whereas in the cryo-reconstruction,
they lie in a shell above it [F (3)]. This suggests that the heads collapse on to the backbone during the staining procedure, although there appears to be little
shrinkage of the backbone itself (red circle in D-F). This collapse is reflected in a smaller filament diameter in the negative stain compared with the cryo-
reconstructions (compare A, B, D, and E, with C and F), and in the original images [37-nm diameter in negative stain compared with 42-nm by cryo (4)]. In the
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parallel to each other pointing away from the bare zone. In ref. 2, the structure was interpreted in terms of the interacting-head atomic model (5), but one of
the heads (the blocked head) was placed at very low radius, where it would be inside the filament backbone (yellow arrow in E); in addition, there are no
apparent intermolecular contacts along the long-pitch helices. We find that both heads are positioned above the backbone, oriented very differently from
those in ref. 2 (compare G with H) and make multiple contacts along the helices. In the previous cryo-EM study of scallop filaments (3), it was concluded that
the heads had different conformations from each other and were splayed apart axially. However, the reconstruction did not unambiguously define the two
heads and was carried out before myosin head atomic structures were available, precluding definitive interpretation. Analysis of our reconstruction shows that
the apparent splayed structure, with one head (further from the bare zone) “less massive” than the other (3), is a misinterpretation of what is actually the
interacting head motif seen in side view. The less dense “head” (further from the bare zone) is a projection of the RDs and the denser “head” is a projection of
the (larger) MDs in a single motif. The images in B, E, and G were originally published in the Journal of Structural Biology. Reprinted from the Journal of
Structural Biology, 166/2, AL-Khayat, HA, Morris, EP, Squire, JM, The 7-stranded structure of relaxed scallop muscle myosin filaments: Support for a common
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Table S1. Comparison of X-ray patterns of live scallop muscle with averaged Fourier transform of frozen-hydrated scallop thick filaments

Radial spacings of

Layer line spacing, Axial spacing, Axial spacing, off-meridional reflections, Radial spacings,*
nm (order)* nm (Wray/MiIIman)T nm (this work) nm* (Wray/Millman) nm (this work)
48.0 (3) 48.7/46.4 48.5 NM5/14.3 12.3

20.6 (7) 20.8/20.0 20.5 NM/14.0 10.2

14.4 (10) 14.6/14.5 14.47 27.0, 14.5/27.8, 14.3 23.9, 13.1
11.2 (13) 11.2/11.2 11.0 13.0/13.5 12.9

7.25 (20) 7.3/7.26 7.16 36.5, 16.5/35.9, NR!l 31.9, 15.3

This table compares the axial and radial positions of reflections in X-ray diffraction patterns of live scallop muscle with those in the averaged Fourier
transform of the frozen hydrated scallop filaments used in this study. Note the excellent agreement between the axial spacings. It is possible that the imperfect
correspondence between spacings in the radial direction is due in part to lattice sampling effects in the X-ray pattern that are absent in single filaments (1).
*Nominal layer line spacing in nanometers and order of 144-nm repeat.

TSpacing of reflection measured in X-ray diffraction patterns of live scallop muscle: Wray et al. (2) and Millman et al. (1).
*Some layer lines have multiple reflections at different radial positions.

SNot measurable in pattern.

YAssumed. Other spacings are based on this as an internal calibration.

IINot reported.

1. Millman BM, Bennett PM (1976) Structure of the cross-striated adductor muscle of the scallop. J Mol Biol 103(3):439-467.
2. Wray JS, Vibert PJ, Cohen C (1975) Diversity of cross-bridge configurations in invertebrate muscles. Nature 257(5527):561-564.

Movie S1. Three-dimensional reconstruction of scallop thick filament rotated about long axis. Reconstruction shows five 14.4-nm levels of sevenfold sym-
metric crowns of heads lying above the backbone, visible at lower radius (Fig. 2A). Five atomic models (ribbon and space-filling representations) have been
fitted to show the intermolecular contacts (Fig. 3A). Bare zone direction is toward top.
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Movie S2. Fitting of ribbon and space-filling atomic models of scallop myosin head domains and S2 to one motif (Fig. 2B).

Movie S2

Movie S3. Atomic model of scallop head-head motif. The ribbon and space-filling models were produced by fitting crystallographic models for the scallop motor
domain (PDB ID code 1QVI), regulatory domain (PDB ID code 3JTD), and N-terminal fragment of S2 (PDB ID code 3BAS) into the 3D reconstruction (Fig. 2B).

Movie S3
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Movie S4. Fit of S2 (ribbon model) to the scallop head-head motif shown at different density contours. The “hole” in the density map between the reg-
ulatory domains is filled at lower contours to completely include all of the S2 in this region. The density “gap” between the head-head motif and the filament
backbone (as viewed from the bare zone) is bridged at lower contours and shows the path S2 would eventually take to join with the subfilaments.

Movie S4
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