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The central role of the tail in switching off 10S
myosin Il activity

Shixin Yang®, Kyoung Hwan Lee’*®, John L. Woodhead'®, Osamu Sato’®, Mitsuo lkebe?, and Roger Craig'®

Myosin Il is a motor protein with two heads and an extended tail that plays an essential role in cell motility. Its active formis a
polymer (myosin filament) that pulls on actin to generate motion. Its inactive form is a monomer with a compact structure (10S
sedimentation coefficient), in which the tail is folded and the two heads interact with each other, inhibiting activity. This
conformation is thought to function in cells as an energy-conserving form of the molecule suitable for storage as well as
transport to sites of filament assembly. The mechanism of inhibition of the compact molecule is not fully understood. We have
performed a 3-D reconstruction of negatively stained 10S myosin from smooth muscle in the inhibited state using single-
particle analysis. The reconstruction reveals multiple interactions between the tail and the two heads that appear to trap ATP
hydrolysis products, block actin binding, hinder head phosphorylation, and prevent filament formation. Blocking these essential
features of myosin function could explain the high degree of inhibition of the folded form of myosin thought to underlie its
energy-conserving function in cells. The reconstruction also suggests a mechanism for unfolding when myosin is activated by

phosphorylation.

Introduction

Myosin II is a motor protein that, together with actin filaments,
generates mechanical force and motion using the chemical en-
ergy of ATP hydrolysis (Geeves and Holmes, 1999). In muscle,
myosin II is responsible for shortening and force production,
while in nonmuscle cells, it is essential in cell adhesion and
division, intracellular transport, and cell migration (Vicente-
Manzanares et al., 2009; Shutova and Svitkina, 2018). The my-
osin IT molecule is a hexamer composed of two heavy chains, two
essential light chains (ELCs), and two regulatory light chains
(RLCs). The light chains and the N-terminal halves of the heavy
chains form two globular heads, containing ATP- and actin-
binding sites, while the heavy chain C-terminal halves form an
a-helical coiled-coil tail extending from the heads. The tails self-
associate to form the backbone of thick filaments, which are the
functional form of myosin II in muscle and cell motility. Muta-
tions in the heads and tail impair myosin function and cause
diseases in muscle and other cells (Vicente-Manzanares et al.,
2009; Moore et al., 2012; Tajsharghi and Oldfors, 2013; Newell-
Litwa et al., 2015). Myosin II molecules can exist in two con-
formations, 6S and 10S, named for their sedimentation
coefficients (Suzuki et al., 1978). 10S molecules have a compact

structure in which the tail is folded into three segments of
similar length, and the heads are bent back on the tail and in-
teract with each other (Fig. 1; Suzuki et al., 1982; Trybus et al.,
1982; Craig et al., 1983; Burgess et al., 2007; Jung et al., 2008b).
This folded conformation traps the products of ATP hydrolysis,
causing strong inhibition of ATPase activity (Cross et al., 1986)
and inhibiting assembly into thick filaments. Phosphorylation
of the RLC in 10S molecules favors unfolding to the 6S form
(Craig et al., 1983; Trybus and Lowey, 1984; Cross, 1988), in
which ATPase activity is switched on (Sellers, 1991), and the tail
has an extended conformation, favoring filament assembly.
The inhibited, 10S molecule is thought to play a fundamental
role in nonmuscle cells, where it appears to serve as an energy-
conserving, storage form of myosin and to provide assembly
units for thick filament formation when and where contractile
activity is required (Cross, 1988; Breckenridge et al., 2009;
Milton et al., 2011; Kiboku et al., 2013; Heissler and Sellers, 2016;
Liu et al., 2017; Shutova and Svitkina, 2018). Its compact con-
formation is thought to facilitate transport to the sites of fila-
ment assembly and thus motility (Breckenridge et al., 2009;
Kiboku et al., 2013). The 10S molecule may also play a role in the
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Blocked

Hinge 2

Figure 1. Model of 10S myosin. Blocked head consists of heavy chain
(green), ELC (orange), and RLC (yellow). Free head shows heavy chain (blue),
ELC (magenta), and RLC (red). The tail is folded into three segments: segment
1 (subfragment 2), originating from the heads and ending at hinge 1; segment
2, starting at hinge 1 and ending at hinge 2; and segment 3, starting at hinge
2 and ending at the tip of the tail. Based on Burgess et al. (2007) and Lee et al.
(2018).

function of some smooth muscles, by providing a pool of inactive
monomers that can unfold and augment myosin filament length
or number when smooth muscle is activated (Xu et al., 1997,
Seow, 2005; Milton et al., 2011). In striated muscles, myosin is
almost exclusively filamentous, but there is nevertheless a small
concentration of soluble myosin whose compact form has been
proposed to facilitate transport to sites of filament assembly
during muscle development and myosin filament turnover
(Ankrett et al., 1991; Katoh et al., 1998; Takahashi et al., 1999).
A unique structural feature of 10S myosin is an asymmetric
interaction between its two heads (the interacting-heads motif,
or IHM), which inhibits their activity (Wendt et al., 2001).
Head-head interaction was first observed in 2-D crystals of
smooth muscle heavy meromyosin (HMM) in the switched-off
state (RLCs dephosphorylated; Wendt et al., 2001) and later
confirmed by EM and 2-D classification of single myosin II
molecules (Burgess et al., 2007). Inhibition was suggested to
occur by different mechanisms in the two heads. In one head
(blocked), actin binding is hindered by proximity of the other
head (free) to its actin-binding site. In contrast, ATPase activity
of the free head is inhibited through stabilization of its converter
domain interacting with the blocked head (Wendt et al., 2001).
3-D reconstruction of thick filaments subsequently showed that
6S myosin, when polymerized into thick filaments, has a simi-
lar head-head interaction to that in folded, 10S molecules
(Woodhead et al., 2005). The IHM in thick filaments may un-
derlie the super-relaxed state of muscle (Stewart et al., 2010), in
which myosin activity is highly inhibited, thus serving as an
important energy-conserving mechanism for striated muscle.
The IHM structure has been compared in a variety of evo-
lutionarily diverse species. EM and 2-D image classification of
negatively stained molecules shows that the compact, folded
form of 10S myosin has been conserved since the origin of
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animals, with head-head interactions in the IHM appearing
similar in all species studied (Jung et al., 2008a,b; Lee et al.,
2018). Similarly, the IHM first observed in thick filaments in
cryo-EM studies of tarantula muscle (Woodhead et al., 2005) has
been confirmed in thick filaments from a variety of vertebrate
and invertebrate species (Zoghbi et al., 2008; Zhao et al., 2009;
Pinto et al., 2012; Woodhead et al., 2013). The high level of
conservation of the IHM in isolated molecules and thick fila-
ments over hundreds of millions of years suggests that it is a
fundamental structure, critical to the function of muscle and
nonmuscle cells (Jung et al., 2008a,b; Lee et al., 2018).

While the inhibitory interactions between the heads in the
IHM are similar in thick filaments and 10S molecules, the ac-
tivity of the 10S molecule is inhibited an order of magnitude
more than myosin in thick filaments (Cross et al., 1988; Ankrett
etal., 1991). Additional interactions with the folded tail occurring
in 10S myosin but not in filaments may account for this differ-
ence. However, it is not known what these interactions might
be, as no 3-D reconstruction of the entire 10S molecule has been
reported. The interactions between the heads in 10S myosin
were well defined in cryo-EM studies of 2-D crystals (Liu et al.,
2003), but the tail was poorly visualized, and the 3-D recon-
struction provided no insights into its potential role in regula-
tion. The tail (as well as the heads) was clearly delineated in 2-D
class averages of negatively stained, isolated 10S molecules, but
its course in three dimensions was not studied (Burgess et al.,
2007). Here we present a 3-D reconstruction of 10S myosin
molecules using negative staining and single-particle analysis.
The reconstruction clearly reveals the 3-D course of the tail as it
wraps around the heads, showing evidence for interaction with
the heads at eight sites and suggesting mechanistic bases for the
inhibition of the four key elements of myosin II function: actin
binding, ATPase activity, RLC phosphorylation, and filament
assembly. The results provide a structural model for the total
shutdown of myosin II activity when in its compact, energy-
conserving 10S form.

Materials and methods

Electron microscopy

Smooth muscle myosin II from turkey gizzard was purified ac-
cording to Tkebe and Hartshorne (1985). Smooth muscle myosin
has similar structural and functional properties to nonmuscle
myosin II (including formation of the folded structure; Craig
et al., 1983) and is a convenient source for our experiments on
the 10S conformation. Myosin molecules in 0.15 M NaAc, 1 mM
EGTA, 2.5 mM MgCl,, 0.5 mM ATP, and 10 mM MOPS, pH 7.5,
were negatively stained at 10 nM concentration using 1% (wt/
vol) uranyl acetate (Takizawa et al., 2017). Carbon films were
pretreated with UV light to optimize stain spreading (Burgess
et al., 2004; Jung et al., 2008b). The 10S structure is formed by
relatively weak interactions that can be disrupted by EM pre-
parative conditions (Jung et al., 201L; Lee et al., 2018). To avoid
this possibility, molecules were lightly cross-linked in solution
at room temperature for 1 min with 0.1% glutaraldehyde before
staining (Jung et al., 2008b, 2011). This treatment does not sig-
nificantly alter the structure of the molecules at the resolution of
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our studies, but serves to stabilize that structure (Jung et al.,
2008b, 2011), producing a more homogeneous population,
which facilitates 3-D reconstruction. Glutaraldehyde has in
fact been used to stabilize flexible proteins to 4.0-A resolution
in cryo-EM studies (Urnavicius et al., 2015). 200 micrographs
were recorded under low-dose conditions on a Thermo Fisher
Scientific (Philips) CM120 transmission electron microscope
at 120 kV with a 2K x 2K charge-coupled device camera
(F224HD; TVIPS) at a pixel size of 3.7 A (nominal 45,000x
magnification). These micrographs were used for 3-D recon-
struction and refinement. 100 pairs of micrographs of tilted
(50°) and untilted (0°) grids were collected at 5.4 A/pixel
(nominal magnification 37,000x) for random conical tilt
reconstruction.

Image processing

Initial model from random conical tilt

No complete 3-D model is available for 10S myosin II to use as
areference for 3-D reconstruction. To exclude model bias, we
implemented the random conical tilt method (Radermacher
et al., 1987) to create a starting model, using SPIDER (Frank,
2006). 13,675 pairs of particles were interactively selected
from the 100 tilted and untilted micrographs using the pro-
gram JWEB in SPIDER. 2-D classification was performed for
the untilted particles. Four classes of particle with similar
views in the class averages were chosen for further analysis.
For each class, the Euler angle of each particle from the tilt
images was calculated based on the tilt angle and the azi-
muthal angle from 2-D classification. Back projection was
performed to compute the 3-D reconstruction. Finally, the
four class averages were rotated to make the tail parallel to
the y axis. The azimuthal angles obtained were used to
modify the Euler angles and to merge particles from the
chosen four classes, and the model was built using the merged
dataset.

2-D classification and 3-D reconstruction

The folded tail of 10S myosin protruding beyond the heads is
flexible, and also rotates (within a 60° range) about its junc-
tion with the heads (Burgess et al., 2007). To simplify analysis,
only particles with an unbent tail pointing straight up from
the head-head junction were chosen for image processing.
Particles with dimensions of 150 x 150 pixels, including both
heads and a small portion of the protruding tail, were man-
ually selected using EMAN (Tang et al., 2007) and then low-
pass filtered to 20 A. All subsequent image processing was
performed with RELION (Scheres, 2012). Four rounds of 2-D
classification were performed. Bad or low-resolution particles
with smeared densities were removed after each round. The
remaining 15,833 particles were subjected to 3-D classification
into six classes using the 3-D reconstruction from random
conical tilt, low-pass filtered to 50 A, as the starting model.
Classes 1, 2, and 5 showed variable appearances of the tail and
heads. Classes 3 and 4 had similar 3-D reconstructions and
were combined for refinement. Class 6 molecules showed less
detail than classes 3 and 4 and were excluded from the final
reconstruction.
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Atomic fitting

The atomic model of the interacting heads of chicken smooth
muscle myosin (PDB ID 1184; Wendt et al., 2001) was docked into
the 3-D reconstruction using rigid-body fitting in UCSF Chimera
(Pettersen et al., 2004; Fig. 4). Molecular dynamics flexible fit-
ting was not attempted owing to the low resolution. Densities
outside of the heads were attributed to the three segments of the
tail. According to 3-D classification (Fig. 6), subfragment 2 (S2)
in the 3-D reconstruction was quite flexible. We therefore chose
not to fit an atomic model of S2 to the reconstruction. Videos of
the reconstruction and fitting were made using UCSF Chimera
(Pettersen et al., 2004).

Online supplemental material

Fig. SI: 2-D class averages of negatively stained 10S myosin
molecules. Fig. S2: Gold-standard Fourier shell correlation curve
to determine resolution. Fig. S3: Location of initial portion of
subfragment 2. Fig. S4: Comparison of low and high contour
cutoff reconstructions to reveal stronger and weaker parts of the
density. Fig. S5: Particle distribution of the six classes after 3-D
classification. Fig. S6: Negatively stained insect indirect flight
muscle and Dictyostelium discoideum myosin II. Fig. S7: Interac-
tion of the RLC N-terminal with tail segment 3. Video 1: 3-D
reconstruction of 10S smooth muscle myosin rotated about its
long axis. Video 2: Atomic fitting of PDB ID 1184 into the 3-D
reconstruction of the 10S molecule. Video 3: Tail segment 3
contact with the RLC of the blocked head. Video 4: Steric
blocking of Serl19 on the blocked head by tail segment 3.

Results

2-D class averages of 10S myosin

Turkey gizzard smooth muscle myosin at physiological ionic
strength (0.15 M NaAc) in the presence of ATP was observed by
negative staining with 1% uranyl acetate (Burgess et al., 2004;
Takizawa et al., 2017). The compact, folded (10S) conformation
dominated the EM images, with a small number of antiparallel
10S dimers, displaying a dumbbell-shaped structure (Fig. 2 A)
and very few extended (6S) molecules. Only 10S monomers
were chosen for image processing. The tail in these molecules
was folded into three segments and wrapped around the heads,
as previously described (Burgess et al., 2007). The heads showed
different apparent shapes and sizes, corresponding to different
orientations of the molecules on the EM grid (Fig. 2, B-E; and
Fig. S1). Compared with the relatively rigid arrangement of the
interacting heads, the tail was quite flexible where it extended
away from the heads. In this region, segments 1, 2, and 3 (Fig. 1)
run closely together, and this combined three-segment rod
bends within a range of ~60° from its point of emergence from
the heads, as previously described (Burgess et al., 2007). Typical
2-D class averages of the interacting heads and the proximal
portion of the three-segment tail are shown in Fig. 2 (B-E) and
Fig. S1. The asymmetric architecture of the blocked and free
heads was consistent with the results of previous 2-D classifi-
cation analysis (Burgess et al., 2007; Jung et al., 2008a,b, 2011).
Mirrored class averages, where molecules lie on the grid facing
down or up, were observed as previously reported (Jung et al.,
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Figure 2. Negatively stained 10S smooth muscle myosin molecules. (A)
Two types of structure are visible: monomers, in front and side views (green
and blue arrows, respectively), and occasional dimers (red arrow). (B-D) 2-D
class averages of right and left views (B and C, respectively; Jung et al.
[2008b]); partially rotated view (D); and side view (E; see also Fig. S1).

2011; Fig. S1). The class averages showed that the myosin mol-
ecules typically lie parallel to the grid surface; the different
orientations about their long axis enabled us to analyze the 3-D
structure of the molecules using single-particle analysis.

3-D reconstruction
An initial 3-D structure of the folded molecule was computed
using the random conical tilt method (Radermacher et al., 1987),
in which images are recorded at 0° and 50° tilts. This model was
then used for projection matching to determine the final single-
particle reconstruction (Electron Microscopy Databank acces-
sion no. EMD-20084). Computing the initial structure ab initio
excludes potential model bias in the results. The final recon-
struction had a moderate resolution (25 A; Fig. S2), limited by
the flexibility of the molecule and the resolution limits of neg-
ative staining. This was sufficient to resolve domains as small as
10 kD, such as the N- and C-terminal lobes of the RLC (Burgess
et al., 2004, 2007; Figs. 3 and 4).

The head region of the reconstruction had the appearance of
a flat disk, with an irregular polygonal “front” view (as viewed in
Fig. 3, A and D; and Video 1), enclosing a central hole, and a
narrow side view (Fig. 3, C and F; and Video 1), similar to the
interacting-head motifs seen in 2-D crystals of HMM and myosin
(Wendt et al., 2001; Liu et al., 2003) and in thick filaments
(Woodhead et al., 2005). The atomic model of the interacting-
heads structure computed from cryo-imaged smooth muscle
HMM 2-D crystals (PDB ID 1184; Wendt et al., 2001) docked well
into the reconstruction using rigid-body fitting (Fig. 4 and Video
2), confirming this similarity. This was clear in both front and
side views (Fig. 4, D and F). The fit implies good preservation of
the ITHM in negatively stained single molecules (Takizawa et al.,
2017), without significant flattening, and makes possible the
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Figure 3. 3-D reconstruction of 10S smooth muscle myosin. Electron
Microscopy Databank accession code EMD-20084. (A-C) Front, back, and
side views, respectively. (D-F) D-F correspond to A-C, with colors indicating
different components of the structure. Blocked head is red; free head, green;
tail segments 1 and 3, cyan; segment 2, magenta. In E, yellow circle indicates
putative location of missing segment 1 density (see Fig. S3); red arrow, start
of segment 3. Yellow star in D indicates the second hinge point.

identification of key features of the blocked and free heads in the
reconstruction (Figs. 4 and 5).

The reconstruction also revealed the 3-D course of the folded
tail as it wraps around the heads, a feature that was mostly
missing from the only previous reconstruction of 10S myosin
(Liu et al., 2003). Only a small portion of the region of the folded
tail (~150 A) that extends as three merged segments above the
heads was included in the reconstruction, due to flexibility of the
distal region. However, the essential part of the tail that inter-
acts with the heads was included. Three segments of the tail
could be identified in this region (Fig. 3). Strikingly, all three
appear to bind to the heads: segment 2 along the left side of the
blocked head (Figs. 1 and 3, A and D) and segments 1and 3 on the
back side of both heads (Fig. 3, B and E; and Video 1). Segment
1 (S2 of the tail) would be expected to start at the merge point of
the lever arms of the blocked and free heads (blue ribbon, Fig.
S3). However, there was missing density for this initial portion
of subfragment 2 in the reconstruction (circle, Figs. 3 E and S3),
a known issue for this very flexible region of the tail (Brown
et al., 2008; Woodhead et al., 2013); more density becomes vis-
ible at low contour cutoff (Fig. S4). The first visible part of
segment 1 density was assumed to occur where the tail density
(cyan) widens, as segment 1 joins segment 3 (above the circle,
Fig. 3 E). Segment 1 then runs next to segment 3 across the
blocked head (in a region now known as the mesa; Spudich,
2015) toward the top, where segments 1 and 3 merge with
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Figure 4. Docking of atomic model of the IHM into the reconstruction.
The 2-D crystal model of smooth muscle myosin (PDB ID 1184; Wendt et al,
2001) was used in the fitting. Molecular dynamics flexible fitting was not
used, due to the low resolution. (A-C) Front, back, and side views, respec-
tively, docked with ribbon representation of the atomic model. (D-F) D-F
correspond to A-C, but with space-filling model. The atomic model fits well
into the reconstruction in all views, except for the narrow part of the lever
arm in the blocked head (single a-helix, between the two light chains; red
arrow) and part of the ELC in the free head (yellow arrow). The low density in
the reconstruction at these points may be due to extension of the stain pool
that accumulates in the hole at the center of the IHM (cf. Figs. 2 B and S1) into
these low-density regions of protein, obscuring them. Unfilled densities
mostly represent portions of the three segments of the tail, for which there is
no atomic model. There is also some unfilled density in the blocked head
(green arrow) that would be filled by repositioning the flexibly connected SH3
domain (not done with the rigid-body docking procedure; see Materials and
methods). In a previous study, molecular dynamics flexible fitting of cryo-
imaged tarantula thick filaments demonstrated this point (Yang et al., 2016).
Note: C and F rotated in opposite direction from C and F in Fig. 3.

segment 2 (Fig. 3, D and E). Segment 2 (magenta in Fig. 3)
branches from the merged segments near the top and wraps
around the blocked head. The end of this segment and the
starting point of segment 3 form the second hinge point of the
tail (Figs. 1 and 3 D), thought to occur at Glul535 (Burgess
et al., 2007). This region of density (marked with a star in
Fig. 3 D) is unique to 10S myosin and is not found in HMM
(lacking segments 2 and 3) or thick filaments (where the tail is
unfolded). Segment 3 (red arrow in Fig. 3 E) starts from the
hinge point, then runs, merged with segment 1, over the back
of the blocked head (Fig. 3, D and E) to the top of the IHM,
where they join segment 2. This arrangement of segments
1 and 3 on the same side (rather than opposite sides) of the
IHM (Figs. 3 and 5), as also suggested from 2-D analysis
(Burgess et al., 2007), would allow for rapid opening of the
molecule upon activation.

Intramolecular interactions within 10S smooth muscle

myosin molecules

The 3-D reconstruction and atomic fitting reveal key interac-
tions occurring within the 10S myosin molecule (summarized in
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Figure 5. Interactions between the tail and heads in 10S myosin. (A)
Front view of reconstruction fitted with PDB ID 1184 shows the interac-
tions between tail segments 2 (magenta) and 3 (cyan) and the blocked
head (TB2, TB3, TB4, TB5), between the two heads (BF), and between
segment 2 and the other tail segments (the interaction extends upwards
from TT1). TB2 is between the SH3 domain (blue) in the blocked head and
segment 2, lying underneath. TB3 is between segment 2 and the converter
domain (cyan) of the blocked head. TB4 is between segment 2 and the ELC
(orange) of the blocked head. TB5 is between segment 3 and the blocked-
head RLC. (B) Back view shows the interaction between the free head and
the tail (TF1, TF2, TF3), between segments 1 and 3 (unresolved from each
other) and the blocked head (TB1), and between tail segments 1 and 3
(starting at TT2). Interaction TF1is between the actin-binding loop in the
free head and the tail, while TF2 is between the free head upper 50K
domain and the tail. TF3 may represent merging of tail and blocked head
densities and not be a real interaction (see Results). TB1 is an extended
interaction between the blocked head and segment 1 and/or segment 3.
(C) Magnified view of TB5. Cys108 is represented by a cyan sphere. (D)
The view in C is rotated 135° to visualize the geometric relationship be-
tween Cys108 and segment 3.

Table 1). Three types of interaction were found: head-head,
head-tail, and tail-tail. The interaction between the blocked and
free heads (BF) has been described before (Wendt et al., 2001;
Liu et al., 2003) and is confirmed here. Eight putative interac-
tions between the heads and the tail have not previously been
observed in 3-D: these include the free head with tail segments
1 and 3 (TF), and the blocked head with tail segments 1, 2, and 3
(TB). Interactions between different segments of the tail were
also observed (TT).

Head-head interactions

As described previously, the overall conformation of the IHM is
produced by the blocked and free heads (red and green, re-
spectively, in Fig. 3) interacting with each other (BF, blue arrow
in Fig. 5 A; Wendt et al., 2001). The atomic model from this
earlier work (PDB ID 1184) can be fitted well into the volume
(Fig. 4 and Video 2).
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Table 1. Summary of IHM interactions

Interaction  Interacting components Molecule/filament Cartoon
BF Blocked head, free head 108, filament

TB1 Segments 1 and 3, blocked head mesa 108, filament

TB2 Segment 2, blocked head SH3 10S, filament

TB3 Segment 2, blocked head converter 108, filament

TB4 Segment 2, blocked head ELC 108

TB5 Segment 3, blocked head RLC 108

TFA1 Segment 1 or 3, free head actin-binding loop 108, filament

TF2 Segment 1 or 3, free head ATPase loop 5 108

TF3 Segment 1 or 3, free head RLC 10S

TT1 Segments 1, 2, 3 108

T2 Segments 1, 3 108 i

The table and cartoon summarize the head-head, head-tail, and tail-tail interactions in 10S myosin, based on the 3-D reconstruction and fitting. The cartoon
corresponds to the reconstruction in Fig. 5 (A and B). Blocked and free heads are represented by red and green, respectively. Yellow dots represent mesa of
blocked head. CON, converter; MD, motor domain; SH3, SRC homology 3 domain. TT1 and TT2 mark initial points of contact between segments 1, 2, and 3
and segments 1 and 3, respectively. From these initial points, these segments run closely together and may interact along much of their lengths. Note:
Corresponding domains in the two heads have different apparent shapes and sizes in this 2-D representation of the 3-D reconstruction, in which the domains

are viewed at different angles (cf. Fig. 5 A).

Tail-head interactions
Three interactions are found between segment 2 of the tail and
the blocked head as the tail wraps around its perimeter (Fig. 5 A).
TB2 is the interaction between segment 2 and the blocked head
SH3 domain (blue in Fig. 5 A). Interaction TB3 was found be-
tween segment 2 and the converter domain of the blocked head
(cyan in Fig. 5 A). The third interaction, TB4, was found between
segment 2 and the ELC of the blocked head (orange in Fig. 5 A).
Four interactions were observed between the tail and the un-
derside of the heads (Fig. 5, A and B; and Table 1). TBI is an ex-
tensive interaction, where the tail (including segments 1 and 3,
which are not resolved from each other) runs over the back sur-
face of the blocked head motor domain (Fig. 5 B). TB5 involves
interaction between the RLC of the blocked head and segment 3,
close to the second tail hinge point (Fig. 5 A). TF1 occurs between
the tail and the actin-binding loop of the free head, while TF2 is
the interaction between tail segment 1 or 3 and the upper 50K
domain of the free head. TF3 is a possible interaction between the
tail and the free-head RLC, but could alternatively represent low-
resolution merging of densities without actual contact (Fig. S4; see
Discussion). These interactions between the tail and the free head
were not reported in 2-D analysis of smooth muscle myosin
(Burgess et al., 2007; Jung et al., 2011), probably because the tail in
these interactions is superimposed on the heads and cannot be
identified in the 2-D projections.

Tail-tail interactions
In addition to the head-tail interactions, two regions of contact
were found between the different segments of the tail. TT1 is an
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extensive interaction starting at the top of the IHM (Fig. 5 A),
where segment 2 merges with segments 1 and 3, and continuing
up as a triple coiled-coil complex (Burgess et al., 2007). A second
extensive interaction appears likely between segments 1 and 3
(unresolved from each other), as they pass together over the
blocked head (Fig. 5 B). This interaction starts at TT2, where
the first part of segment 3 (cyan in Fig. 5 B) would merge with
the initial portion of S2 (not visible in the reconstruction, as
discussed earlier). Other parts of the tail (the region of segment
2 peeling away from the triple segment and wrapping around
the blocked head, and the start of segment 3 after the second tail
hinge) exist as single coiled coils, consistent with their narrower
diameter in the reconstruction.

Heterogeneity in the reconstruction

The flexibility of the merged tail segments extending beyond the
head region is visualized in raw images and was investigated
using 2-D classification by Burgess et al. (2007), who showed
that the tail flexed within a range of ~60° where it left the heads.
The heads are also flexible, although more rigid than the tail. 3-D
classification was performed to explore flexibility and hetero-
geneity in the 10S molecules. 15,833 particles were classified into
six classes using RELION (Scheres, 2012; Figs. 6 and S5). Classes
3 and 4, comprising 51% of the particles, exhibited very similar
structures (Fig. 6, C and D). Both tail and IHM were visualized
clearly in 3-D reconstructions and could be fitted well with the
3-D atomic model of chicken smooth muscle myosin. The par-
ticles in these classes were combined and used for 3-D refine-
ment to produce the reconstruction described above. The other
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Figure 6. Heterogeneity in the reconstruction. 3-D classification using
RELION produced six classes of conformation (A-F, classes 1-6, respectively),
showing that the 10S myosin molecules are quite heterogeneous, due either
to variable staining and/or other factors during specimen preparation or to
natural variation in the molecules themselves. (A) The tail density partially
disappeared in some regions (red dotted circles; cf. red arrow in C, where it is
visible). (B) The tail cannot be explicitly identified in this reconstruction, and
the second hinge point (star in C) is missing (blue circle). The reconstructions
in C and D showed similar structural features, with both the interacting heads
and the tail clearly visible. (E) Segment 2 around the blocked head is not
visible, and the second hinge point is absent (blue circle), as in B. (F) The tail
wraps around the blocked head, but the density present in C (cyan arrow) and
D (cyan circle) is absent.

four classes were smaller and exhibited different tail and IHM
structures in their reconstructions (Fig. 6, A, B, and E) and were
therefore excluded from the final reconstruction.

The reason for the different 3-D classes is not certain. They
might arise from variable staining of, and/or damage to, mole-
cules caused during specimen preparation (e.g., stain drying).
Alternatively, they could represent real variation in the struc-
tures of the molecules. When the tail can be traced clearly
(classes 3, 4, and 6), the IHM shows more consistent structural
features than in the other three classes. In these classes (30% of
myosin molecules; classes 1, 2, and 5), the tail appeared flexible
or disordered. Segment 2 density was discontinuous in class
1 and almost completely disappeared in classes 2 and 5, and the
second hinge point was not visible in the latter two (Fig. 6, Band
E). Although these classes exhibited a similar basic asymmetric
organization of heads, their ITHM structure was more varied, and
the atomic model of the IHM (PDB ID 1184) could not be docked
into them very well. If the different classes represent real var-
iation in the structures of the molecules, one of the possibilities
suggested above, this would suggest that the tail could directly
influence the stability of the molecules by strengthening the
relatively weak interaction between the blocked and free heads.
Disruption of tail interactions with the heads would then result
in conformational changes and less compact myosin molecules.
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Discussion
We have performed a 3-D reconstruction of the 10S conforma-

tion of myosin II. The reconstruction provides key insights into
the likely mode of inhibition of myosin function through in-
teractions of the tail with the heads. While the 3-D interactions
between the heads that define the IHM in 10S myosin have been
studied extensively by cryo-EM, only short fragments of the tail
were visible and these provided no insight into the potential role
of the tail in inhibition (Wendt et al., 2001; Liu et al., 2003;
Hojjatian, 2019). In contrast, single particle negative stain
studies of 10S myosin showed the full length of the tail (Burgess
et al., 2007; Jung et al., 2008a,b, 2011). Negative staining was
therefore our technique of choice for the work presented here.
Our 2-D class averages were essentially identical to those of the
earlier negative stain work (Burgess et al., 2007; Jung et al.,
2008a,b, 2011), confirming that the entire path of the tail
could be visualized, and that domains as small as 10 kD (e.g., the
two lobes of the RLC) could be readily resolved in 2-D by this
technique. The 2-D studies (Burgess et al., 2007) led to important
proposals concerning the likely function of the tail, but lacked
the 3-D insights provided by our reconstruction. Here, the or-
ganization and interactions of the tail with itself and the two
heads are clearly seen in three dimensions (Fig. 3, D-F; and
Video 2). The 25-A resolution of the reconstruction (limited by
flexibility of the molecule and the grain size of the stain; Burgess
et al., 2004; Takizawa et al., 2017) was more than adequate to
reveal the different domains of the myosin heavy chain and the
10-kD lobes of the light chains in 3-D (as with the 2-D class
averages), and fitting the atomic model of the IHM (PDB ID 1184)
to the reconstruction can extend the effective resolution to
better than 10 A (Baker and Johnson, 1996; Fabiola and Chapman,
2005). The suggested interactions in this article, involving the
subdomains of the heads with the tail, can be directly visualized
in the map (Fig. S4), and some are supported by biochemical
data. Although the reconstruction does not resolve interactions
at the level of individual residues, this is not required to make
reasonable conclusions about interactions between the heads
and the tail at the subdomain level that provide strong clues as to
how the molecule is switched off. Crucial functional insights at
this resolution have been obtained in multiple other systems
using negative staining (Vibert et al., 1997; Ohi et al., 2004;
Takizawa et al., 2017).

The most important finding from our study is that interac-
tions of the tail with the heads and with itself, combined with
interactions between the heads, appear to block the four key
functional characteristics of 10S myosin: (1) ATPase activity, by
head-head and head-tail interaction; (2) actin binding, by
head-head and head-tail interaction; (3) activation by phos-
phorylation, through RLC-tail interaction; and (4) filament
formation, by tail-tail interaction. Inhibition of every aspect of
myosin function appears to be nature’s failsafe method for
conserving energy in the inactive state.

Key tail interactions involved in switching off 10S

myosin activity

The reconstruction shows evidence for eight possible interac-
tions between the tail and the heads in 10S myosin (Table 1). Five
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of these involve the blocked head, and three, the free head,
suggesting that the blocked head is the more stable (Burgess
et al., 2007). All eight interactions may be important in creat-
ing a fully inhibited 10S molecule, but two appear to be espe-
cially important.

Segment 1-blocked head interaction

Interaction between the blocked head and subfragment 2 (seg-
ment 1) of myosin (TBL; Fig. 5 B) appears to be one of the most
fundamental interactions of the inhibited state, helping to
maintain the blocked head in its folded-back conformation. This
is suggested by its occurrence not only in myosin filaments and
10S myosin, but also in HMM (Burgess et al., 2007). In HMM,
the free head preferentially detaches from the IHM in some
molecules, while the blocked head remains bound to S2 (Burgess
et al., 2007), suggesting preferential stabilization of the blocked
head by this means. The free head also detaches more readily
than the blocked head in 10S myosin (Burgess et al., 2007; Fig.
S6) and filaments (Brito et al., 2011), further supporting stabi-
lization of the blocked head by S2. Smooth muscle HMM con-
structs with different tail lengths are switched off only when the
tail is at least as long as the head (Trybus et al., 1997). This is
approximately the distance segment 1 must travel from its origin
at the head-head junction to its interaction (TBI) with the
blocked head mesa (Fig. 5 B), supporting the view that the S2-
blocked head interaction plays a critical role in inhibition
(Woodhead et al., 2005).

Segment 3-blocked-head RLC interaction

Interaction TB5, between segment 3 and the blocked-head RLC
(Fig. 5 A), is supported by photo cross-linking, showing that
Cysl08, in the C-terminal half of the RLC, is cross-linked to the
tail between Leu1554 and Glu1583, lying in segment 3 (Jung et al.,
2011). The tail must therefore fold back on to the light chain
domain. The calculated distance from Glul535 to Lys1568 (the
middle residue in the cross-linking region) is ~48 A, assuming
1.485-A rise per residue along a coiled coil. In the reconstruction,
the distance measured from Glul535 (hinge 2; Burgess et al.,
2007; star in Fig. 3 D) to Cysl08 (cyan in Fig. 5, C and D; and
Video 3) in the blocked-head RLC is similar (~55 A). In the cross-
linking studies, only one of the two RLCs is cross-linked to the
tail (Olney et al., 1996; Jung et al., 2011). This is readily explained
by the reconstruction, which shows that only blocked head
Cysl08 is close enough to the tail for cross-linking (Video 3).
Another cross-linking study suggests that sites on the N-lobes of
both RLCs are close to the distal tail in the 10S structure
(Salzameda et al., 2006). This is inconsistent with our recon-
struction. Previous evidence suggests that the compact molecule
is dynamic; thus, cross-linking may favor or trap a different
conformer from the predominant form that we have studied
(Salzameda et al., 2006; Jung et al., 2011). This would be con-
sistent with the flexibility of the heads and tail suggested by the
3-D classification of our data discussed earlier (Fig. 6).

TB5 appears to be the most important interaction pinning the
tail to the heads and creating the folded structure of 10S myosin.
This is suggested by EM observations of 10S myosin. (1) When
observed by rotary shadowing or negative staining, molecules
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that are not cross-linked by glutaraldehyde show a loosely folded
structure, in which the only (therefore strongest) intramolecu-
lar contact occurs between the start of segment 3 and the neck
region (containing the RLC) of one head (Craig et al., 1983; Jung
et al,, 2011). The other interactions in our reconstruction are
presumably weaker and disrupted by binding of the molecule to
the mica or carbon substrate used for imaging (Lee et al., 2018)
when not stabilized by glutaraldehyde. (2) In D. discoideumand
many insect flight muscle myosin II molecules, segment 3 does
not bind to the blocked head; in these molecules, the tail and free
head are correspondingly quite flexible (Fig. S6, A and C). (3)
Segments 1 and 2 of smooth muscle myosin are together 1020 A
long (Burgess et al., 2007). Myosin IIs from amoeba (Acantha-
moeba castellanii) and yeast (Schizosaccharomyces pombe) are
much shorter, with total tail lengths of 870 and 910 A, respec-
tively (Lee et al., 2018). They thus lack segment 3 and the last
100-150 A of segment 2. Neither of these myosins folds (Lee
et al., 2018), consistent with the idea that segment 3/RLC in-
teraction is essential for forming the 10S structure. (4) Bio-
chemical and cell biological observations also support this view.
The folded conformation fails to form when segments of the tail
interacting with the RLC and the blocked head are replaced by
skeletal sequences (Kiboku et al., 2013), or when the RLC is re-
moved (Trybus and Lowey, 1988) or replaced by skeletal RLC
(Trybus and Chatman, 1993). Experiments with chimeric
smooth/skeletal RLCs show that native smooth N- and
C-terminal lobes are both required for formation of 10S myosin
(Trybus and Chatman, 1993)—the C-terminal lobe for full
binding of the RLC to the heavy chain, and the N-terminal for
folding. TB5 in our reconstruction shows segment 3 positioned
over the C-terminal lobe and immediately next to the
N-terminal lobe of the blocked-head RLC, providing a structural
explanation for these findings (Fig. 7, E and F). The first 24
residues of the RLC are absent from the N-terminus in PDB ID
1184, probably due to mobility. This region (the phosphorylation
domain; Espinoza-Fonseca et al., 2008) stabilizes tail folding in
smooth muscle myosin (Ikebe et al., 1994). We have estimated
the location of these residues by superimposing the RLC of
scallop (PDB ID 3JTD), which includes 11 additional N-terminal
residues) on to the smooth muscle structure (Fig. S7). Residues
1-11 in scallop (14-24 in smooth muscle) of the blocked-head RLC
appear to contact segment 3, consistent with this stabilizing
interaction. Based on sequence analysis and modeling, it has
been suggested that the N-terminal 24 amino acids, including a
specific group of positively charged residues, may lie over a
cluster of negatively charged residues in segment 3, trapping
this region of the tail on top of the RLC C-lobe and accounting for
the strength of this interaction (Jung et al., 2011). An alternative
proposal is that these N-terminal RLC residues interact with
helix A of the ELC in the switched-off molecule (Taylor et al.,
2014). (5) The importance of blocked-head RLC-segment 3 in-
teraction is also implied by the RLC Cys108 cross-linking studies
referred to above. When cross-linked molecules are exposed to
high salt, one head remains fully inhibited while the other has
normal ATPase activity (Olney et al., 1996). This is consistent
with our reconstruction. Cross-linking would maintain inter-
action of segment 3 with the RLC, which we suggest would help
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Ser19

Figure 7. Proposed inhibition mechanism of phosphate release and
actin binding in the two heads. (A) Phosphate release in the blocked head is
inhibited by interaction of its converter domain (cyan within red ellipse) with
segment 2, and in the free head by interaction of its converter domain (cyan
within blue ellipse) with the blocked head. (B) Back view, rotated 180° from
A.(C and D) Front and back views show actin-binding loop (red ellipse) in the
blocked head sterically blocked by the free head, and actin-binding loop
(green ellipse) in the free head blocked by interacting with the tail. (E and F)
Front and back views showing steric blocking of Ser19 (red sphere) by seg-
ment 3 in the blocked-head RLC, but not in the free-head RLC (magenta
sphere; see Video 4).

stabilize the inhibitory interactions of segment 2 with the
blocked head. Free head interaction with the blocked head
would be disrupted, thus activating the free head.

Other interactions

While the blocked-head RLC interacts with segment 3, a putative
interaction (TF3) with the free-head RLC is less certain (Fig. 5, C
and D). The density in this region is weak, and fitting of PDB ID
1184 suggests that there is no RLC density to fill the volume (Fig.
S4); the relatively uniform cylindrical tail also lacks such density
(Figs. 4, 5, S3, and S4). This apparent interaction could represent
low-resolution merging of the tail and head densities without
actual contact. TF3 is close to the point where the first portion of
segment 1, missing from the reconstruction, as discussed earlier
(Figs. 3 E and S4), would meet segment 3. This may account for
the sudden widening of the tail at this location (Fig. 5 B), leading
to possible fusion with the RLC density.

In addition to interacting with the heads, the folded tail ap-
pears to interact with itself, where segments 1 and 3 run next to
each other over the blocked head (interaction starting at TT2;
Fig. 5 B), and at the top of the reconstruction, where all three
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segments form a compact, rod-shaped structure, extending up-
wards from TT1 (Figs. 3 and 5 A). These interactions appear to
play an essential role in the function of 10S myosin. First, se-
questering the tail inhibits polymerization with other tails to
form filaments, the active form of myosin II in cells. Second,
extending up from the TT1 contact site, the complex of the three
tail segments is quite flexible and can be significantly curved
(Burgess et al., 2007). However, the interacting-heads structure
remains relatively rigid. The TT1 contact site may function as a
lock, preventing conformational changes in the curved-rod
complex from being transferred to the heads, thus helping to
maintain their inhibited state. This is suggested by our obser-
vation that in the absence of TT1, as in D. discoideum (Fig. S6 B)
and many insect indirect flight muscle myosin molecules (Fig. S6
D; Lee et al., 2018), the free head frequently detaches from the
blocked head.

Tail segments 2 and 3 stabilize the IHM in 10S myosin

The atomic model of the IHM (PDB ID 1184, based on 2-D crystals
of HMM; Wendt et al., 2001) fits well into the head densities of
the reconstruction, without the need for any substantial change
in head structure (Fig. 4, D-F; and Video 2). This shows that
binding of tail segments 2 and 3 (absent from HMM) to the heads
in 10S myosin is not required to generate the head-head inter-
actions, and that it does not significantly distort them. However,
the frequency of formation of the interacting-heads structure,
the stability of the free head, and the inhibition of activity are all
lower in HMM than in 10S myosin (Burgess et al., 2007). Thus,
segments 2 and 3 stabilize the head-head interactions and
compact structure of 10S myosin, strengthening the inhibited
state. Other data are consistent with this conclusion: (1) a subset
of the reconstructions that lack some of the tail density features
correspondingly had a more varied head structure (Fig. 6, A, B,
and E); (2) myosin from D. discoideum (Lee et al., 2018), which
lacks segment 2 wrapping around the blocked head (Lee et al.,
2018), showed more frequent cases of noninteracting heads (Fig.
S6, C and D); and (3) myosin molecules from insect flight muscle
frequently behaved similarly (Fig. S6, A and B). These ob-
servations suggest that the interactions of all three tail segments
with the heads are required to fully stabilize the 10S structure.

Comparison of intramolecular interactions in thick filaments
and single molecules

10S myosin and thick filaments have several interactions in
common (Table 1). Conservation of these interactions between
filament and molecule suggests that they play an important role
in the inhibited state. (1) In both filament and molecule, it is
thought that the interaction between the two heads (BF) con-
strains movement of the converter domain of the free head,
inhibiting phosphate release, and blocks actin binding by the
blocked head (Wendt et al., 2001; Woodhead et al., 2005). (2) TB1
in 10S myosin occurs between tail segments 1 and/or 3 and the
blocked head, where these two segments run over its motor
domain (Fig. 5 B). In filaments, where the tail is not folded
(Woodhead et al., 2005), and in HMM, where segments 2 and 3
are absent (Burgess et al., 2007; Jung et al., 2011), this interaction
is also present, but can only involve S2, supporting the view that
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TB1 involves S2 and consistent with data showing that
subfragment 2 binds to subfragment 1 in solution (Nag et al.,
2017). In 10S myosin, segment 3 may also be involved. The
tail is wider where it runs over the blocked head than at the
start of segment 3, where it is a single a-helix (Fig. 5 B),
suggesting that segment 3 runs next to segment 1 over the
blocked head. This double interaction with the blocked head
may strengthen the stability of the IHM in the folded mol-
ecule. (3) TB2 (Fig. 5 A) occurs between segment 2 and the
SH3 domain (blue in Fig. 5 A) of the blocked head. A related
interaction is observed in relaxed thick filaments, between
the SH3 domain of the blocked head and the tail from the
next pair of heads away from the bare zone (Woodhead
et al., 2005; Alamo et al., 2008); however, in this case the
interaction involves segment 1, and its polarity is the re-
verse of that in the 10S molecule. (4) TB3 occurs between
segment 2 and the converter domain of the blocked head
(Fig. 5 A). As with TB2, a similar interaction (but with re-
verse polarity) occurs in thick filaments, between the con-
verter domain and segment 1 of the neighboring tail
(Woodhead et al., 2005). (5) The fifth interaction, TF1, oc-
curs between tail segments 1 and/or 3 and the free head
actin-binding loop in 10S myosin. A similar interaction be-
tween S2 and actin-binding loop 2 has been suggested in
tarantula thick filaments (Alamo et al., 2016), suggesting
that TF1 also involves S2.

Inhibition of 10S myoesin by steric blocking of ATPase and
actin-binding sites on both heads

Cryo-EM studies suggested that inhibition of 10S myosin
through head-head interaction was achieved by different
mechanisms in the two heads (Wendt et al., 2001; Liu et al.,
2003): (1) by preventing actin binding in the blocked head and
(2) by inhibiting ATPase activity in the free head (Wendt
et al., 2001). But these studies provided no insight into the
possible role of the tail in inhibition, as the tail was not clearly
visualized. Our negative stain reconstruction suggests that the
tail plays a central role in switching off activity, such that both
of these inhibitory mechanisms occur in both heads, but in
different ways.

Inhibition of actin binding

Part of the actin-binding interface of the blocked head is ob-
structed by interaction with the free head, as shown previ-
ously (Wendt et al., 2001; interaction BF, Fig. 5 A; red ellipse,
Fig. 7 C). In the free head, it is clear that actin binding is also
sterically blocked, through interaction of its actin-binding
loop 2 with the tail (interaction TF1; Fig. 5 B; green ellipse
in Fig. 7, C and D), and by interference of the bundle of three
tail segments (projecting up from TT1) with the free head
actin-binding interface. Thus, each head would be prevented
from binding to actin by distinct steric blocking mechanisms,
one involving the tail and one the other head. This is consis-
tent with biochemical observations that the affinity of actin
for 10S myosin is extremely weak (Ikebe and Hartshorne,
1986; Olney et al., 1996), suggesting that both heads are in-
hibited from binding to actin.
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Inhibition of ATPase activity

Similarly, ATPase activity of 10S myosin appears to be inhibited
not only in the free head, but also the blocked head, by stabili-
zation of the converter domain of each, preventing phosphate
release (compare Yount et al. [1995]). In the free head, the
converter is immobilized by binding to the blocked head (Wendt
et al., 2001; interaction BF, Fig. 5 A; blue ellipse, Fig. 7 A). In the
blocked head, the converter may also be immobilized, in this
case by binding to segment 2 of the tail as it wraps around the
head (interaction TB3, Fig. 5 A; red ellipse, Fig. 7, A and B).

Inhibition of ATPase activity in both heads of 10S myosin
would help explain a previously puzzling observation. Release of
ATP hydrolysis products is 10 times slower in 10S myosin than
in HMM (0.0002 s™' and 0.003 s}, respectively; Cross et al.,
1988). If the free head is inhibited in both (by binding to the
blocked head), blocked-head product release must be more in-
hibited in 10S myosin than in HMM. This could be explained by
interaction of tail segment 2 with the blocked head converter in
10S myosin but not HMM, where it is missing. As mentioned
previously, tail wrapping around the heads may also stabilize
the basic head-head interaction of the IHM (Wendt et al., 2001),
enhancing the inhibitory effect of the two heads on each other in
the 10S molecule.

We conclude that phosphate release and actin binding are
both inhibited in both heads. This can explain why 10S myosin is
completely switched off (Cross et al., 1988), making it so well
suited to its proposed energy-conserving, storage function in
cells. The folded tail plays a critical role in this inhibition.

In thick filaments (Woodhead et al., 2005), both actin binding
and ATPase activity are also sterically inhibited in both heads,
again in different ways. Blocked-head actin binding is inhibited
by interacting with the free head, as with 10S myosin, while the
free head is inhibited by orientation of its actin-binding face
toward the thick filament backbone, away from actin. Both
converters are also inhibited (Woodhead et al., 2005), impeding
ATPase activity: in the free head by binding to the blocked head,
as in 10S myosin; in the blocked head by interacting with S2
from the neighboring crown, as discussed above (Woodhead
et al., 2005). The greater number of interactions found in 10S
myosin than in thick filaments suggests that the IHM of 10S
myosin is more stable than in thick filaments, consistent with
the greater inhibition observed in molecules (Cross et al., 1988;
Ankrett et al., 1991).

The role of the tail in activation of 10S myosin

Smooth and nonmuscle 10S myosins are activated in vitro by
phosphorylation of their RLCs. Under physiological ionic con-
ditions, this causes conversion to the 6S (unfolded) conforma-
tion (Craig et al., 1983; Trybus and Lowey, 1984), which can form
filaments, hydrolyze ATP, and bind to actin. Our reconstruction
provides some insights into the mechanisms of these processes.
Biophysical data suggest that phosphorylation of 10S myosin is a
sequential process, in which one RLC is phosphorylated more
readily than the other, and it has been proposed that this might
result from an asymmetric arrangement of the myosin heads
(Persechini and Hartshorne, 1981, 1983; others have suggested
that phosphorylation is random, but the starting myosin in those
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studies may not have been in the 10S conformation (Trybus and
Lowey, 1985; Wagner et al., 1985). The reconstruction reveals
not only asymmetry of the heads (Wendt et al., 2001; Liu et al.,
2003), but also dramatically different environments of their
phosphorylation sites (due to the presence of the tail), which
would readily account for a sequential phosphorylation process.
Serl9 in the free-head RLC appears completely accessible to
myosin light-chain kinase (MLCK) and would be easily phos-
phorylated. In the blocked head, Serl9 is sterically hindered by
segment 3 of the tail (interaction TB5; Fig. 7, E and F; and Video
4), which would hamper access of MLCK. Thus, the free-head
RLCs would be phosphorylated first, and blocked-head RLCs
later (Persechini and Hartshorne, 1981, 1983; Ikebe et al.,
1983a,b). A similar difference in accessibility of MLCK to the
phosphorylatable serines is observed in tarantula filaments due
to differing steric environments in the filament (Brito et al.,
2011).

Biophysical measurements show that both RLCs must be
phosphorylated for complete transition of the 10S to the 6S
conformation (Ikebe et al., 1983a,b) and for significant activation
of ATPase activity (Persechini and Hartshorne, 1981). This sug-
gests that phosphorylation of the blocked-head RLC (occurring
second) must ultimately determine unfolding, and that singly
phosphorylated molecules would remain mostly folded and
relatively inactive. The immediate proximity of Serl9 on the
blocked-head RLC to interaction TB5, which we suggested ear-
lier is the critical interaction for creating the folded state (Fig. 7,
E and F), would explain how phosphorylation of this serine
could be the key step that causes tail unfolding. This proximity
suggests a direct (rather than allosteric) effect of phosphoryla-
tion on the binding of segment 3: decreased positive charge on
the RLC would weaken its interaction with the negatively
charged region of segment 3, favoring unfolding of the tail (Jung
et al., 2011). Extension of RLC helix A upon phosphorylation
(Espinoza-Fonseca et al., 2008), or changes in ELC-RLC inter-
action affecting the conformation of the light chain domain
(Houdusse and Cohen, 1996; Taylor et al., 2014), might also
contribute to the loss of interaction with segment 3. Importantly,
HMM, which lacks segments 2 and 3, requires phosphorylation
of only one of its two heads for activation (Walcott et al., 2009);
in this case, TB5 does not exist, and phosphorylation of a single
head is sufficient to break the weaker head-head interaction in
HMM. The requirement for phosphorylation of both heads in
10S myosin (one of which is sterically inhibited) for full acti-
vation may be another mechanism by which the cell conserves
energy in the quiescent state. If any MLCK molecules in the cell
are Ca®*-insensitive (e.g., through proteolysis or other damage),
resulting RLC phosphorylation will occur preferentially on the
free head, but this will not activate the molecule. Only when
intracellular Ca?* levels rise will there be sufficient activated
MLCK to phosphorylate the blocked-head RLC as well, with
concomitant unfolding of the 10S structure.

Based on the above observations and previous work, we
propose the following mechanism for regulating 10S myosin
activity in cells. (1) At low intracellular Ca®*, both heads are
dephosphorylated, and the molecule is in the 10S conformation,
in which ATPase activity and actin binding are inhibited by the
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mechanisms discussed earlier. The compact structure (as either
10S monomers or small oligomers; Liu et al., 2017) would facil-
itate transport through the crowded intracellular environment,
while inhibition of ATPase and actin binding would minimize
energy use and futile binding to actin filaments during trans-
port. (2) With increased Ca2*, MLCK is activated and first
phosphorylates the unobstructed RLC of the free head. This may
alter the conformation of the light chain domain of this head,
weakening interaction of the free head with the blocked head
and the tail, while retaining the overall folded conformation and
relatively low ATPase activity of the molecule (Persechini and
Hartshorne, 1981; Tkebe et al., 1983a,b; Houdusse and Cohen,
1996; Burgess et al., 2007; Taylor et al., 2014). (3) The less ac-
cessible blocked-head RLC is then phosphorylated. This could
result from the weakening of the IHM just mentioned, or from
“breathing” of the intact 10S structure, which transiently ex-
poses blocked head Serl9 (we assume that the interactions we
have described are relatively weak and in equilibrium between
interacting and noninteracting states). There is also evidence
that the RLCs may interact with each other and with the flexible
initial portion of subfragment 2, stabilizing the conformation of
this region of the IHM (Woodhead et al., 2005, 2013; Alamo et al.,
2008). Phosphorylation of the free-head RLC may disrupt these
interactions, leading to increased local flexibility and greater
accessibility of Ser19 on the blocked-head RLC. (4) Phosphoryl-
ation of the blocked-head phosphorylation domain weakens or
abolishes its interaction (TB5) with the negative charge cluster
on segment 3 due to decreased charge attraction. (5) With
breakage of TB5 (the key interaction required for the folded
state), the binding of segments 1 and 2 to the heads is destabi-
lized, allowing the tail to become fully extended. (6) Loss of
head-tail interactions during tail unfolding may further desta-
bilize previously weakened head-head contacts, promoting
separation of the heads. (7) The extended tails now interact to
form filaments, actin-binding sites on both heads are exposed,
and inhibitory interactions of the converter domains are lifted,
leading to full actin-activated ATPase activity and filament
sliding.
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