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Abstract

Regulation of muscle contraction via the myosin filaments occurs in vertebrate smooth and many
invertebrate striated muscles. Studies of unphosphorylated vertebrate smooth muscle myosin
suggest that activity is switched off through an intramolecular interaction between the actin-
binding region of one head and the converter and essential light chains of the other, inhibiting
ATPase activity and actin interaction. The same interaction (and additional interaction with the
tail) is seen in three-dimensional reconstructions of relaxed, native myaosin filaments from
tarantula striated muscle, suggesting that such interactions are likely to underlie the off-state of
myosin across a wide spectrum of the animal kingdom. We have tested this hypothesis by carrying
out cryo-electron microscopy and 3D image reconstruction of myosin filaments from horseshoe
crab (Limulus) muscle. The same head-head and head-tail interactions seen in tarantula are also
seen in Limulus, supporting the hypothesis. Other data suggest that this motif may underlie the
relaxed state of myosin Il in all species (including myosin Il in nonmuscle cells), with the possible
exception of insect flight muscle.

The molecular organization of the myosin tails in the backbone of muscle thick filaments is
unknown, and may differ between species. X-ray diffraction data support a general model for
crustaceans in which tails associate together to form 4 nm diameter subfilaments, with these
subfilaments assembling together to form the backbone. This model is supported by direct
observation of 4 nm diameter, elongated strands in the tarantula reconstruction, suggesting that it
might be a general structure across the arthropods. We observe a similar backbone organization in
the Limulus reconstruction, supporting the general existence of such subfilaments.
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Introduction

Contraction of muscle is regulated by Ca2*-sensitive molecular switches on the thick
(myosin-containing) and thin (actin-containing) filaments.16 Myosin-linked regulation,
found in almost all invertebrate striated muscles and in vertebrate smooth and nonmuscle
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cells, depends on phosphorylation of the myosin regulatory light chains or Ca2* binding to
the essential light chains, depending on species.? 4 7: 8 Recent studies have provided new
insights into the mechanism by which regulated myosins are switched off, leading to muscle
relaxation. Structural observations of purified vertebrate smooth muscle myosin in the
dephosphorylated (off) state, either in 2D crystals or as single molecules, show that the two
myosin heads interact with each other (Fig. 1).% 10 This suggests a model for the myosin Il
off-state in which the actin-binding site of one head (the “blocked” head) is blocked by its
binding to the other (“free”) head.® Structural changes involved in ATP hydrolysis in the
free head are inhibited, in turn, by the binding of the blocked head to the converter domain
of the free head. Both heads would be switched off in different ways through this
asymmetric interaction.

The key importance of this interaction in vivo has now been revealed by cryo-electron
microscopic studies of myosin filaments from tarantula striated muscle.1 Myosin filaments
are helical polymers of myosin Il molecules.12-17 The a-helical myosin tails form the
backbone of the filament, while the myosin heads lie at the surface in multi-start helical
arrays, forming rotationally symmetric “crowns” every 14.5 nm.12. 13, 16, 17 Three-
dimensional reconstructions of native tarantula filaments in the relaxed (off) state show that
the two heads of each myosin molecule interact with each other!l. Docking of the myosin
head atomic structure with the reconstruction reveals that the interaction is essentially
identical to that occurring in isolated vertebrate smooth muscle myosin molecules.® The
reconstruction also suggests interaction between the initial portion of the myosin tail and the
blocked head, and this has recently been confirmed in single molecules.10 It further reveals
interactions, not observed in the single molecule studies, between heads at different levels of
the helix. These interactions would all contribute to the switching off of myosin molecules
in the filament by a similar mechanism to that in isolated molecules.% 11

The dramatic similarity between the head-head and head-tail interactions in vertebrate
smooth muscle myosin molecules and in invertebrate striated muscle myosin filaments
suggests that the interacting-head motif has been conserved for more than 600 million
years,18 since before vertebrates and invertebrates diverged. It is therefore likely that most,
if not all, regulated myosin 11 molecules are switched off by the same interactions.1! This
proposal is supported by in vitro studies of isolated myosin molecules from several
invertebrate and vertebrate species, from both muscle and nonmuscle sources.19: 20 Qur goal
here has been to directly test the hypothesis that head-head and head tail interactions similar
to those in tarantula filaments are a general motif occurring in other myosin-regulated
filaments. Here we study this question in thick filaments from Limulus muscle, which are
regulated by phosphorylation” and display helical ordering comparable in quality to
tarantula, making them amenable to structural analysis.}4 21. 22 Using cryo-EM, single
particle image reconstruction, and atomic fitting, we demonstrate intramolecular head-head
interactions essentially identical to those in tarantula.

The backbone of myosin filaments consists of closely packed myosin tails (coiled-coil a-
helices) running nearly parallel to each other and also to the long axis of the filament.12 16
Because of their length, small diameter, and tight packing, the detailed molecular
organization of the tails has not been defined experimentally. Theoretical models suggest
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that they may pack together as single molecules (molecular crystal model), or that they may
associate into intermediate sized structures (subfilaments), which then assemble into the
filament as a whole.23 X-ray diffraction data from intact muscles suggest that crustacean
muscle filaments are built from subfilaments 4 nm in diameter and containing three myosin
tails in cross-section.2# The tarantula filament reconstruction provides the first strong visual
support for such a model,1! and extends it to the chelicerate subphylum. Reconstructions of
other species of filament are required to test the generality of this model. We find evidence
for a set of subfilaments in Limulus similar to those found in tarantula.

Frozen-hydrated Limulus thick filaments had a similar appearance to tarantula filaments!!
(Fig. 2a, b). Characteristic arrowheads were observed pointing towards the central bare
zone. These represent a projected view of the 4-fold symmetric arrangement of myosin
heads, helically arranged on the filament surface, demonstrating good preservation of helical
order, as found in previous studies of Limulus filaments.14 21. 22 Averaged Fourier
transforms of filaments showed layer lines indexing on a repeat of ~ 43.5 nm, with a
meridional reflection at the third order, representing the axial distance of 14.5 nm between
crowns of heads (Fig. 2c). The 3-fold relationship between the helical repeat and the
distance between crowns, combined with the 4-fold rotational symmetry, means that
neighboring crowns are rotated by 30° with respect to each other (Fig. 3a). Some filaments
(especially those in which the heads were less well ordered) revealed that the filament
backbone consisted of parallel elongated strands (Fig. 2b).

A three-dimensional reconstruction was calculated from 100 of the best ordered filaments
using single particle methods.11: 25 The resolution was 2.9 nm according to the Fourier shell
correlation using a 0.5 threshold. The reconstruction showed two key features. At the
surface of the filament was a helical arrangement of tilted, ‘J’-like motifs arranged in
‘crowns’ with 4-fold rotational symmetry, while at lower radius, the filament showed twelve
elongated strands running parallel to the filament axis (Figs. 3, 5a). The similarity of these
features to the tarantula filament reconstruction suggests that the J-motif represents a pair of
interacting myosin heads, while the backbone strands represent subfilaments containing
groups of myosin tails.

Detailed interpretation of the reconstruction was aided by manually docking the atomic
model of the myosin head in the ADP.Pi state into the head features of the 3D map!! (Fig.
4a). The fitting was essentially identical to that obtained with the tarantula reconstruction.
The actin-binding region of the blocked head abuts the converter domain and essential light
chain of the free head (cf. Fig. 1). As is thought to be the case with vertebrate smooth
muscle? and tarantula striated muscle,1! this may be the structural basis for the switching off
of myosin activity. In addition, a rod-like region of density was seen running from the heads
towards the filament backbone. This was consistent with our observations for the tarantula
density map where this region was assigned to the initial portion of myosin S2. As the S2
travels towards the filament backbone, it appears to come into close proximity with the
actin-binding cleft region of the blocked head, which could help to inhibit blocked head
activity.11
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When additional 14.5 nm levels of myosin heads were fitted, further putative interactions
were revealed, this time between myosin molecules at different levels of the helix. On its
course towards the filament backbone, S2 comes in contact with the SH3 and converter
domains of the adjacent blocked head located closer to the bare zone. In addition, the free
head actin-binding region appears to touch the essential light chain of the blocked head next
closest to the bare zone. All of these interactions combined would add to the stability of the
J-motif and may contribute to the maintenance of both heads in the off-state.

The backbone of the filament revealed an annular array of twelve continuous strands, ~ 4 nm
in diameter, running parallel to the filament axis, centered at a radius of ~ 8 nm; the core of
the filament was relatively empty (Fig. 5a). These strands (seen as apparently hollow tubes
in surface renditions (Fig. 3b, c)) contain the highest protein density in the reconstruction
when viewed in cross-section (see Fig. 5a), consistent with the presence of myosin tails
running approximately lengthwise, oriented nearly parallel to the filament axis.

Discussion

Our reconstruction of frozen-hydrated, native, Limulus myosin filaments supports the
hypothesis that head-head interaction is a motif common to regulated myosin filaments in
the off-state. 11 In addition to tarantula and Limulus filaments, a similar motif is also seen
in scallop striated muscle myosin filaments, which are regulated by direct Ca* binding
rather than by light chain phosphorylation (unpublished data and26). This supports
predictions of the widespread occurrence of the motif,11 based on the striking similarity of
the two widely separated systems originally studied: isolated vertebrate smooth muscle
myosin molecules and tarantula striated muscle myosin filaments. We conclude that a
similar structural mechanism underlies regulation in all three myosin-regulated species so
far studied. A similar motif is also seen at two of every three levels of heads in the MyBPC
region of relaxed vertebrate striated muscle thick filaments,2” which are considered to be
unregulated? and thus always in the switched-on state. It seems likely that the motif
exhibited by unregulated filaments may represent a weaker version of the interaction,2%: 27 in
this case possibly functioning to reduce interaction with actin filaments in the filament
lattice (without switching myaosin activity off), by keeping the heads in an ordered array
close to the thick filament surface and away from actin.20: 27. 28 One type of filament in
which this structure may be absent is in indirect insect flight muscle.2®

The widespread occurrence of the motif demonstrated in native filament studies is further
supported by observations of single myosin molecules in relaxing conditions. Vertebrate
smooth,10: 19 scallop,1? and tarantula, Limulus, and vertebrate striated muscle myosin
molecules?0 all show similar interacting head-head and head-tail structures in the relaxed
state.

Comparison with previous Limulus reconstructions

Previous reconstructions of Limulus filaments were based on negative stain images and
Fourier-Bessel helical reconstruction methods.14 22 As with similar reconstructions of
tarantulal® and scorpion filaments,22 these studies lacked the resolution required for an
unequivocal interpretation of head organization, and were carried out before myosin head
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atomic models were available for docking with the reconstruction. In all these cases it was
concluded (based on 5 nm resolution data) that the heads of the myosin molecules were
probably splayed apart so that heads from adjacent 14.5 nm levels interacted with each
other.15. 22,30 An alternative possibility considered was a parallel arrangement of heads
pointing away from the bare zone?2—the opposite of the direction that we find here. Cryo-
EM images of unstained, frozen-hydrated filaments (Fig. 2a, b) reveal the entire structure of
the filament (rather than just the surface features contrasted by negative stain), while single
particle methods generate a higher resolution reconstruction by avoiding key limitations of
helical image processing methods?® (comparel® with!®). The ~ 2.9 nm resolution achieved
here and with the earlier tarantula reconstruction enables unambiguous fitting of myosin
head atomic models,!! revealing that the heads are not splayed. On the contrary, they
interact with each other intramolecularly, and are both tilted back towards the myosin tail
and thus towards the bare zone, as in isolated Limulus?® and other myosin

molecules.10: 19,20, 31

Previous studies of Limulus filaments showed that crosslinking of heads with an ATP dimer
(bis,,ATP) prevented dissolution of filaments by high salt.32 It was concluded that
crosslinking must have been between heads at different 14.5 nm levels in order to maintain
filament structure, and thus that the heads in Limulus filaments were splayed and not
parallel, contrary to our findings. It is possible that the structure of the filaments following
the experimental manipulations needed in these studies was not the same as the native
structure revealed in our reconstruction.32

Intra- and intermolecular myosin interactions

Studies of single molecules of Limulus and other regulated myosins reveal two major
intramolecular interactions—between the blocked head and both the converter domain and
essential light chain of the free head.® 10.19. 20 These interactions would switch the
molecule off by sterically interfering with actin binding to the blocked head, and with
structural changes involved in ATP hydrolysis by the free head.® An additional interaction
revealed in isolated molecules®: 12.20 and in this and earlier!! filament studies occurs
between S2 and the blocked head, probably via a negatively charged patch on S2 and
positively charged regions on the blocked head.33 This might, in fact, be one of the most
important interactions in generating the off state, as regulation is lost when S2 is truncated
so that the interaction is not possible,11: 34 and it has been noted that this interaction can still
occur even when the head-head interaction is broken.10

When molecules with the interacting head structure are assembled into filaments, additional
interactions and steric constraints are generated, which could further stabilize the off-state.1!
Interaction of S2 with the converter and SH3 domains of the axially adjacent blocked head
(Fig. 4b) may help to inhibit blocked head ATPase activity,1! thus adding to the inhibition
of its actin-binding ability that already occurs from intramolecular interaction with the free
head. While the actin-binding interface of the free head is ‘free’ in single molecules,® when
incorporated into the filament it interacts with the essential light chain of the next molecule
along the helix, and also points towards the filament backbone. Both effects would add to
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the inhibition of its actin-binding activity by S2.11 We conclude that in filaments, the actin-
binding and ATPase activities of both the blocked and the free heads are sterically inhibited.

Does phosphorylation regulate invertebrate myosin filaments in vivo?

Early studies of muscle regulation showed that most invertebrate muscles are dually
regulated, via both the troponin-tropomyosin switch on the thin filaments and the myosin
heads on the thick filaments.3 In many cases, it appears that the myosin switch is activated
by phosphorylation of the regulatory light chains.”- & 35 How do such muscles respond
rapidly to activation if one of the switches involves the slow (enzymatic) process of
phosphorylation? In Limulus muscle, a high level of basal phosphorylation (~50%) is
present even in the relaxed state, and force can be generated without change in the level of
phosphorylation.38 Those myosin molecules that are basally phosphorylated may thus be
poised for immediate interaction with actin, as soon as Ca2* activates the thin filaments by
binding to the troponin switch. In these muscles, troponin-tropomyosin would appear to be
the dominant functional switch,36 and phosphorylation could modulate contraction (on a
slower timescale), by activating additional myosin molecules during prolonged contractions.
This mechanism would then be more akin to vertebrate striated muscle, in which
phosphorylation is not required for myosin activity but nevertheless enhances longer term
contractions.36: 37

Myosin filament backbone structure

The structure of the myosin filament backbone remains obscure. This is due to the tight
packing of the narrow, elongated myosin tails within the backbone,23 making structural
analysis difficult (in common with other coiled-coil filaments38). X-ray diffraction data have
suggested a general model for different crustacean filaments constructed from 4 nm
diameter subfilaments containing 3 tails in cross-section; these subfilaments are arranged in
aring, all at the same radius, creating a relatively hollow core.?* In this model, the number
of subfilaments is equal to three times the rotational symmetry of the filament, and their
slew angle is related to the helical repeat. When this repeat is an integral number of 14.5 nm
repeats (the axial distance between crowns of myosin heads), the subfilaments are predicted
to run parallel to the filament axis. Tarantula and Limulus filaments both have 4-fold
rotational symmetry and a repeat that is 3 times the 14.5 nm axial rise of

myosin. 14 15.17, 21, 22,39 | the subfilament model,2* this would imply twelve subfilaments
running parallel to the filament axis, centered at a radius of ~ 8 nm. These are exactly the
parameters we find for Limulus (as well as tarantulall) filaments (Fig. 5a). Our observations
thus add support to the idea of 4 nm diameter subfilaments as basic building blocks in the
chelicerate subphylum of arthropods (cf.11). Since the original X-ray data came from a
different arthropod subphylum (crustacea?4), it appears likely that all arthropods may have
myosin subfilaments of this type. The same model may extend (with modifications) to other
phyla.24

In Wray’s model,2* myosin tails within each subfilament coil around each other and are
staggered by three times the 14.5 nm repeat. Each subfilament thus gives rise to a pair of
myosin heads every 43.5 nm. The subfilaments themselves are displaced by 14.5 nm relative
to their neighbors. This is exactly the arrangement we see in both Limulus (Fig. 2a) and
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tarantulal! reconstructions. Knowing the length of the myosin tail and of the portion of S2
that lies above the filament backbone, we can test the proposal that the subfilaments contain
three tails in cross-section along most of their length.24 The measured length of the tail of
vertebrate skeletal myosin is ~156 nm.#0-42 Preliminary measurements of the tail length in
rotary shadowed Limulus and tarantula molecules are similar (~157 and ~159 nm,
respectively; H.S. Jung, personal communication). If the entire ~158 nm tail were
incorporated into the subfilament, there would be four tails in cross-section for most of each
43.5 nm repeat, and three for only a short region (Fig. 5b). This would produce a
subfilament closer to 5 nm in diameter, contrary to the X-ray data,2* and would center the
subfilaments at a radius of ~ 9 nm, greater than the ~ 8 nm that we observe. Our
reconstruction of tarantula filaments! shows that ~30 nm of S2 lies above the filament
surface, gradually descending from its junction with the two heads to the subfilament. While
S2 is not as well resolved in the Limulus reconstruction, a similar S2 arrangement appears
likely. With only ~128 nm of tail thus in the subfilament, there would be three molecules in
cross-section along almost the entire repeat (~ 41 nm), with a short section (~ 3 nm) with
only 2 molecules (Fig. 5b), consistent with X-ray data and the 4 nm diameter that we
observe.

Invertebrate striated muscle myosin filaments also have small and varying amounts of
paramyosin in their cores (~ 0.06-0.5 paramyosin:myosin molar ratio).3% 43 In Limulus and
tarantula the ratio is ~ 0.3-0.5.3% Our Limulus and tarantula reconstructions do not appear to
reveal paramyosin. This may reflect their limited resolution, or the possibility that
paramyosin and myosin are not organized with identical symmetries. One possible model
consistent with a 0.33 ratio would have one paramyosin molecule ~130 nm long**
associated with three myosin molecules in each subfilament every 3x43.5 nm, forming a
layer ~ 2 nm thick (Fig. 5¢,d). Azimuthally adjacent paramyosins would be staggered by
14.5 nm, and there would be head-to-tail contact at 130 nm intervals within each paramyosin
strand.

Purification of Limulus muscle thick filaments

Horseshoe crabs (Limulus polyphemus) were obtained from the Marine Biological
Laboratory, Woods Hole MA, and stored in a marine aquarium at 10°C. Preparative
procedures were carried out at 0-4°C except where otherwise noted. Telson muscles were
obtained by a modification of the method of Kensler and Levine.2! Muscles were quickly
dissected from the animal and split into 1-2 mm bundles, which were tied to plastic plates.
Their membranes were permeabilized by placing in 10 ml of mincing solution (0.1 M NacCl,
2mM EGTA, 1 mM DTT, 5 mM MgCl,, 5 mM PIPES, 5 mM NaH,PO4, 1 mM NaN3, pH
7.2) with 1% saponin. After four hours rotation, the strips were transferred to 10 ml relaxing
solution (0.1 M KCI, 5 mM EGTA, 1 mM DTT, 5 mM MgCl,, 5 mM PIPES, 5 mM
MgATP, 5 mM NaH,PO,4, 1 mM NaNs, pH 7.0) and rotated overnight. Filaments were
purified, using this relaxing solution, according to Hidalgo et al.*> Briefly, 0.15 g of
saponin-permeabilized muscle was finely chopped, homogenized, then briefly centrifuged to
remove large debris. The supernatant was treated with bacterially expressed calcium-
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insensitive gelsolin?® to fragment the thin filaments, then centrifuged. The purified thick
filaments (in the pellet) were resuspended in relaxing solution and used for electron
microscopy.

Electron microscopy

Frozen-hydrated specimens were prepared at room temperature in a humidified chamber
(R.H. ~70%). 6 ul of thick filament suspension was applied to a 400 mesh grid coated with a
holey carbon film that had been rendered hydrophilic by glow discharge in n-amylamine
vapor for three minutes. After allowing the filaments to absorb to the grid for 30 seconds,
the grid was rinsed with relaxing rinse (100 mM NaAc, 3 mM MgCl,, 0.2 mM EGTA, 2
mM imidazole, 1 mM NaN3 and 1 mM MgATP, pH 7.0), blotted to a thin film using
Whatman No. 42 filter paper, and immediately plunged under gravity into liquid ethane
cooled by liquid nitrogen. Grids were examined using a Gatan (Pleasanton, CA) 626 DH
cryo-holder at ~ -=184°C in a Philips CM120 cryo-electron microscope (FEI, Hillsboro, OR)
at 120 kV. Low dose (~600 e~/nm2) images of filaments suspended in vitreous ice over
holes in the carbon film were recorded on a 2Kx2K CCD camera (F224HD, TVIPS,
Gauting, Germany) with a nominal magnification of 28,000 x at the CCD (0.59 nm per pixel
in the original specimen) and a defocus of ~ —-1.9 um.

Image processing

Filaments were aligned with the bare zone at the top to ensure the correct polarity in
subsequent steps. Three-dimensional reconstruction was carried out by the Iterative Helical
Real Space Reconstruction (IHRSR) single particle method,!: 25 using the SPIDER
software package.*’ The reconstruction was based on ~2500 segments, each 59 nm long
with an overlap of 45 nm, from ~ 100 different filament halves. The total number of unique
pairs of myosin heads that went into the final reconstruction was ~ 10,000. Initial reference
models used for the reconstruction were helical reconstructions from negative stain datal®
and from the current cryo data, and the tarantula cryo reconstruction.1 All gave the same
final structure. The reconstruction was low pass filtered to 2.9 nm (the approximate
resolution according to the Fourier shell correlation). Surface renderings were carried out
with UCSF Chimera.#® Computational fitting of the atomic model of smooth muscle HMM
(PDB 1i84) to the surface envelope of the reconstruction was carried out manually within
Chimera as described previously.11
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Blocked

Figure 1. Atomic model of head-head interaction
This ribbon model represents the best fit of the atomic model of vertebrate smooth muscle

HMM (PDB1i84)? into the tarantula 3D reconstruction.!! The actin-binding region of the
blocked head, outlined in blue, binds to the converter region and essential light chain of the
free head, outlined in red. Color scheme: motor domains (MD), blocked head, green; free
head, blue; essential light chains (ELC), blocked head, orange; free head, pink; regulatory
light chains (RLC), blocked head, yellow; free head, beige. Adapted from Ref. 11.
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Figure 2. Cryo-electron microscopy of purified Limulus myosin filaments
(a) Field of filaments in relaxing conditions. Arrowheads (direction shown by arrows) result

from superposition of myosin helices on front and rear of filaments as seen in projection.
Bare zones are indicated by *. (b) Filament in which heads are disordered, revealing parallel
strands in backbone. (c) Average Fourier transform (intensities) of the 100 filament images
used in the reconstruction, showing layer lines at orders of the 43.5 nm helical repeat,
confirming order visualized in A. Scale bars: (a) 100 nm; (b) 20 nm.
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14.5 nm

43.5 nm

Figure 3. Three-dimensional reconstruction of Limulusthick filament
(a) Pairs of myosin heads, represented by tilted “J” motif, run in four parallel helices, with a

repeat of 43.5 nm and an axial spacing between 4-fold rotationally symmetric ‘crowns’ of
heads of 14.5 nm. (b) Transverse view of one 14.5 nm level of myosin heads, showing 4-
fold rotational symmetric arrangement, viewed from bare zone. S2 is outlined. (c)
Transverse view of one complete repeat (43.5 nm) of heads. In (b) and (c), four groups of
three subfilaments appear as hollow tubes due to surface rendering (one has been outlined in
(c)). The subfilaments in fact represent the highest density region of the map (Fig. 5a). In
contrast, the center of the filament (interior to the tubes) appears solid but is in fact of low
density (Fig. 5a).
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Figure 4. Docking of myosin head atomic model into J-motif of reconstruction
(a) Fitting of myosin heads (PDB 1i84),° each as two rigid bodies—the motor domain and

the light chain domain—into the two heads of one J-motif, showing interaction of blocked
head motor domain (green) with free head motor domain (blue) and essential light chain
(pink). (b) Fitting of atomic model into heads at two adjacent axial levels, showing
additional interactions between heads at different levels (cf.11).
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Figure5. Backbone structurein Limulusthick filament
(a) Density projection of one complete repeat of reconstruction (43.5 nm) along filament

axis (protein white). The highest protein density is in a ring of twelve rods, about 4 nm in
diameter (three have been circled), running parallel to the filament axis. Each represents one
subfilament. Lower density at higher radius represents myosin heads. (b) Schematic diagram
showing number of tails in cross-section of a subfilament, assuming a tail length of 158 nm
(see text) and that molecules within a subfilament are staggered by 43.5 nm.24 Top: entire
tail is in subfilament; subfilament thus has 4 tails in cross-section for ~ 2/3 of each repeat.
Bottom: 30 nm of tail is outside subfilament; subfilament thus has 3 tails in cross-section
along almost entire repeat. (c), (d) Hypothetical backbone structure showing how
paramyosin molecules ~ 130 nm long might fit into the filament core, one associated with
each subfilament every 3x43.5 nm. Numbers indicate relative axial levels of subfilaments
and paramyosin (in increments of 14.5 nm). Molecules in each subfilament, and in
subfilaments at the same level, have the same color. In this speculative model, paramyosins
(assumed diameter 2 nm) are not quite close enough to interact. Such interaction, expected
in any plausible model of the filament backbone, could occur, for example, if the coiled-coil
diameter were slightly larger, or the filament dimensions slightly smaller than assumed. PM
= paramyaosin.
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