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BIOCHEMISTRY

Cryo-EM structure of the autoinhibited state of myosin-2

Sarah M. Heissler', Amandeep S. Arora’, Neil Billington?, James R. Sellers?, Krishna Chinthalapudi’*

We solved the near-atomic resolution structure of smooth muscle myosin-2 in the autoinhibited state (10S) using
single-particle cryo-electron microscopy. The 3.4-A structure reveals the precise molecular architecture of 105
and the structural basis for myosin-2 regulation. We reveal the position of the phosphorylation sites that control
myosin autoinhibition and activation by phosphorylation of the regulatory light chain. Further, we present a previ-
ously unidentified conformational state in myosin-2 that traps ADP and P; produced by the hydrolysis of ATP in the
active site. This noncanonical state represents a branch of the myosin enzyme cycle and explains the autoinhibition
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of the enzyme function of 10S along with its reduced affinity for actin. Together, our structure defines the molecular
mechanisms that drive 10S formation, stabilization, and relief by phosphorylation of the regulatory light chain.

INTRODUCTION
Myosin-2 converts the energy derived from the hydrolysis of
adenosine 5'-triphosphate (ATP) into force and directed movement
on actin filaments. As the major contractile protein in eukaryotic cells,
myosin-2 powers a repertoire of vital biological processes including
the contraction of muscle, cell division, and cell adhesion (I, 2).
Myosin-2 is composed of two heavy chains, two essential light chains
(ELCs), and two regulatory light chains (RLCs) (fig. S1A) (3). The
heavy chains fold into a globular head domain and an a-helical rod
domain (3). The head domain is composed of the enzymatic motor
domain and the light chain-binding neck domain (4). The head
couples biochemical transitions during the adenosine triphosphatase
(ATPase) cycle to structural transitions that generate force and trans-
location of actin filaments (4, 5). The rods of two heavy chains form a
coiled-coil tail that can self-associate to form filaments (fig. S1B) (6).
The ATPase activity of myosin-2 is precisely regulated to meet
the changing physiological demands of cells. The activity of verte-
brate smooth and nonmuscle myosin-2 is determined by phosphoryl-
ation of the RLC on S19 that controls the interaction of the heads
with actin and the assembly into filaments (fig. S1B) (7-9). In the
phosphorylated active state, myosin-2 forms filaments and hydro-
lyzes ATP to power the movement of actin. In the dephosphorylated
inactive state, myosin-2 adopts a compact conformation that is
kinetically inert (>1000-fold reduced ATPase activity) (10, 11), com-
promised to interact with actin [Ky (dissociation constant) > 100 uM]
(12) and to self-assemble into filaments (fig. S1B) (9, 13, 14). These
properties are attributed to the complex folding of the myosin-2
molecule. In the inactive state, the myosin heads are docked against
each other in an asymmetric configuration (15-17). This minimal
autoinhibitory conformation is also known as the “interacting heads
motif” (IHM) (18, 19) in relaxed muscle and is essential to myosin-2
function (20). It represents an ancient and universal mechanism to
inhibit myosin-2 activity (20, 21). The tail can further fold back on
itself and interact with the IHM in the dephosphorylated forms of
smooth and nonmuscle myosin-2 (15, 17, 21, 22). This conforma-
tion was first described 40 years ago and is known as 10S in refer-
ence to its sedimentation coefficient (fig. S1B) (14, 23).
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The current understanding of 108 architecture derives from early
negative stain studies, cryo-electron microscopy (cryo-EM) studies
of myosin fragments on lipid monolayers and, more recently, higher-
resolution structures of intact molecules from single-particle cryo-EM
(16, 22, 24, 25). Although the recent pseudo-atomic models of 10S
have improved the resolution from ~20 to ~4.3 A (17, 18, 24, 25),
the resolution has been insufficient to describe key features of the
molecule such as side chain interactions and the underlying molec-
ular mechanisms that explain myosin-2 autoinhibition and the sub-
sequent activation by phosphorylation. Several critical questions
therefore remain. What are the conformations of the head domains?
How are the ATP hydrolysis products trapped in the active sites?
How does the unphosphorylated RLC stabilize and the phosphoryl-
ated RLC destabilize 10S? We addressed these questions by solving
the near-atomic resolution structure of 10S at a global resolution of
3.4 A, the highest for any 10S structure so far. This allowed us to
build a complete model of the IHM including the bound adenosine
5’-diphosphate (ADP) and inorganic phosphate (P;) produced by
the hydrolysis of ATP. Further, we built de novo models of previ-
ously ambiguous regions including the hinge points and the register
of the tail segments, the N and C termini of the RLC, loop-2, loop-4,
and the CM-loop, as well as the pliant and the hook regions that
contribute to the asymmetric binding of the light chains. We reveal a
previously unidentified conformation of the myosin head domain,
hereafter referred to as the “off state,” that traps the ATP hydrolysis
products in the active site and prevents actin activation of the myosin
ATPase. Together, our structure defines the molecular mechanisms
that drive 10S formation, stabilization, and relief via phosphoryla-
tion dependent activation.

RESULTS

Molecular architecture of 10S

We solved the structure of chicken smooth muscle myosin-2 in the
108 state to a 3.4-A resolution (Fig. 1, A and B; figs. S2 and S3; table
S1; and movies S1 and S2). Our cryo-EM density map was of suffi-
cient resolution to place the tail segments with confidence. We could
resolve actin binding elements and surface loops in the head do-
mains, both light chains, P;, and the nucleotide in the myosin heads
in the 10S structure (Fig. 1 and fig. S4). The distal, flexible parts of
10S such as the portions of the tail that are not interacting with the
heads are not well resolved in our structure. We show that 10S has
a flat, compact shape that is formed by asymmetric intra and
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Fig. 1. Cryo-EM structure of 10S. (A) Cryo-EM reconstruction of 10S in the front, side, and back view. Individual subunits are segmented and color-coded. The two
heavy chains (blue and yellow) and bound ELC (green) and RLC (pink) are shown. (B) Atomic model of 10S fitted in the final electron density map. Individual subunits are
segmented and color-coded according to (A). (C) Representative cryo-EM densities of different regions of 10S. Densities of the nucleotide (3.4 A) and P; displayed at
12.5 o contour level. Densities of segment 1 (4.5 A), segment 2 (5 A), and segment 3 (5.5 A) displayed at 8.0 ¢ contour level.

intersubunit interactions between the two myosin heavy chains and
bound light chains (Fig. 1A and movies S1 and S2) in agreement with
structural and biochemical data (16, 17, 24-27). The heads dock
against each other and are hereafter referred to as the blocked head (BH)
and the free head (FH), as defined previously (16). Both heads assume
a primed conformation with the lever arms in the “up” position. Each
head contains clear densities for the trapped ADP and P; in the active
sites (Fig. 1C). The light chains stabilize and contribute to the asym-
metry of 10S. The myosin tails are folded twice at two hinge points and
assume a three-segment hairpin-like structure (Fig. 1, A and B) (14, 22).
Segment 1 emanating from the BH and FH forms a coiled coil that
runs asymmetrically between both heads (Figs. 1, A and B, and 2C).
Segment 2 locks the N terminus and converter of the BH and further
interacts with the ELCpy (Figs. 1, A and B, and 2, D and E). Segment 3
interacts with the RLCpy and folds back on the BH (Fig. 1, A and B).

Stabilization of the IHM

We show that the head-head interaction is stabilized by interactions
between surface loops and allosteric elements of the motor domains.
Notably, the structures of the two motor domains are not identical,
and the cores deviate with an average root mean square deviation
(RMSD) of 1.78 A (fig. S5A). B-factor analysis (fig. S5E) further
shows that the FH is more flexible than the BH. The increased flex-
ibility is attributed to the lack of stabilizing interactions with seg-
ments 2 and 3 (Fig. 1, A and B). The lever arm angles of BH and FH
vary by ~30° and are more acutely bent compared to myosins in the
pre-powerstroke state (Fig. 3A, fig. S5C, table S2, and movie S3)
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(15, 17, 18). The outer clefts of both heads are more open (>20 A)
than has been seen in other myosin structures (fig. S5B and table S2)
and contribute to the weak actin affinity of 108 (12).

A network of electrostatic interactions and hydrogen bonds is
formed between loop-4gy, relay helixpy, and convertergy (Fig. 2A).
The HO linkerpy, helices HEgy, and HWpy; block the CM-looppy and
establish an interlock between both heads (Fig. 2B). The CM-loopgy
and loop-2py interact with segment 1 (Fig. 2C). Rather than projecting
toward the segments, loop-2gy is tucked inward to facilitate the po-
sitioning of segments 1 and 3 between both heads (Fig. 2C and
tig. S5D). In addition, the converter of the FH is stacked against the
base of the BH motor domain connected to helices HMpy and HNpy
(Fig. 2A) and prevents the swing of its lever arm. Interactions be-
tween the convertergy (Fig. 2D) and the N-terminal domaingy
(Fig. 2E) with segment 2 contribute to the asymmetry of 10S. In
addition, the HO linkerpy interacts with segment 3 (Fig. 2F). This
extensive network of intermolecular interactions not only establishes
the interface between both heads but also contributes to compromised
actin binding and hence the lack of actin-activation of the ATPase
activity observed in biochemical studies (10, 12, 14, 28). Specifically,
major elements of the actin-binding region of the BH, defined as
loop-2, loop-3, loop-4, CM-loop, and helix-loop-helix (HLH), are
either sequestered or sterically blocked by extensive interactions with
the FH (Fig. 2, A to C, and fig. S6). Loop-2gy shields HLH and pre-
vents the cleft closure required to establish a strong actin binding
interface (fig. S5D). The actin binding interface of the FH is partially
blocked by sequestration of the CM-loopgy and interactions of
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Fig. 2. Interactions of the myosin heads. (A) Interactions of loop-4gy at the BH-FH interface. Potential interactions (distance > 4 A) between R371g4 and Q771¢4 and
Q385g and Q7284 are shown. (B) Interactions of CM-loopgy at the BH-FH interface. Potential interactions (distance > 4 A) between D412g;; and R253 and R406gy; and
E169¢4 are shown. (C) Interaction between the FH and segment 1. (D) Interaction between the convertergy and segment 2. (E) Interaction between the NTDgy and seg-

ment 2. (F) Interaction between the HO linkergy and segment 3. The views in (C) to (F) are rotated 180° relative to the overview figure to highlight key interactions at the
respective interfaces.
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Fig. 3. Active site and nucleotide interactions. (A) Orientation of the lever arm in BH and FH in comparison to the pre-powerstroke state (PDB ID: 1QVI). (B) Active site
and nucleotide interactions in the FH. Key residues are shown in stick representation. The distance between R247 and E470 is >6.1 A. (C) Active site and nucleotide interactions
in the BH. Key residues are shown in stick representation. (D) Comparison between the active sites in BH and FH. Key residues are shown in stick representation. (E) Com-
parison between the active sites in BH, FH, and the pre-powerstroke state (PDB ID: 2XEL). The salt bridge between switch-1 R247/R238 and switch-2 E470/E459 is only formed
in the pre-powerstroke state and absent in BH and FH. Key residues are shown in stick representation. (F) Comparison of the phosphate release tube in the BH and FH.
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loop-2py with segment 1 (Fig. 1A and fig. S5D). Loop-4py and HL-
Hgy are available for actin binding (figs. S6, D and F, and S7) and
therefore contribute to the residual actin binding properties of 10S
(10, 12). Together, the head-head interaction accounts for the com-
promised actin binding properties and ATPase activity of 10S.

Heissler et al., Sci. Adv. 7, eabk3273 (2021) 22 December 2021

A previously unknown conformation of the active site
explains trapping of the ATP hydrolysis products

Our cryo-EM reconstruction of 108 shows that both heads retain the
hydrolysis products, ADP and P;, in agreement with biochemical
data (Fig. 3, B to E, and movie S4) (10, 11). To the best of our
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knowledge, this is the first time that ADP and P; produced by the
hydrolysis of ATP have been resolved in any myosin structure without
ambiguity. The ADPgy and ADPgy adopt distinct conformations
(RMSD 2.15 A) and are held in place through interaction with switch-1
and switch-2 and the P-loop. Switch-1 and switch-2 are in the closed
conformation in both heads, reminiscent of the pre-powerstroke
conformation (table S2). Notably, the repositioning of R247 in each
head prevents the formation of the characteristic salt bridge between
switch-1 R247 and switch-2 E470 (Fig. 3, B to E, and fig. S8A). The
unique arrangement of structural elements in the active site exposes
the blocked phosphate release tube at the back door in the FH
(movie S5) (29, 30). Py py is located at the entrance to the phosphate
tube and has moved ~1.6 A relative to P; gy (Fig. 3F). Sentinel resi-
dues $245 and S179 in switch-1py and the P-loopgy together with
the ADPpy form a cage for P; gy (Fig. 3B and fig. S8C) that prevents
the movement of P; into the phosphate tube and its subsequent re-
lease. The trapped P; itself acts as a door stop and prevents the closure
of the cleft that would lead to actin binding and product release in
agreement with biochemical and in silico studies (11, 31, 32). The
ADBP.P; state in the FH is further stabilized by interactions between
the P-loop and ADP (Fig. 3B).

The phosphate tube is open in the BH (Fig. 3F and movie S5). Pigy
is accommodated by interactions with the P-loopgy and switch-1py
(Fig. 3, C to E, and fig. S8, A to C). Interactions between the con-
verter and the N terminus with segment 2 (17, 18) further inhibit
active site rearrangements and prevent P; release through the back
door (Fig. 2, D and E) (31, 33). The front door route is blocked by
the ADP and repulsive interactions with the o- and B-phosphates
(Fig. 3, B to E). The relay helix that connects switch-2 with the con-
verter is in the kinked conformation in both heads (fig. S8C), remi-
niscent of the pre-powerstroke state.

The observed rearrangement of the nucleotide switches together
with the different positions of ADP and P; in the active site, cleft, and
lever positions contrast with structural states of isolated myosin motor
domains obtained with x-ray crystallography and cryo-EM (table S2).
This challenges the paradigm that the heads in 10S are in a bona fide
pre-powerstroke state (25). The conformation of the primed heads
in the off state instead suggests a branched kinetic scheme of the
basic actomyosin ATPase cycle that is described by discrete struc-
turally uncoupled states (table S2). The off state efficiently traps the
nucleotide and prevents the actin-activation of the ATPase activity.
Further, it prevents both, the reversal of the hydrolysis from the
ADP.P; to the ATP state and the transition into the ADP state, thereby
contributing to the stability of 10S.

Both myosin light chains contribute to the asymmetry

and stabilization of 10S

The RLC plays critical roles in the formation and stabilization of 10S
(10, 34, 35). Further, it is the major regulator of the 10S/filament
transition as phosphorylation of the RLC on S19 releases the tail from
the THM. This relieves the 10S state, promotes filament formation,
and activates myosin motor activity (fig. S1B) (10, 12, 13, 36). At pres-
ent, there are no high-resolution structures of the RLC that include
the 24 N-terminal residues, also referred to as the phosphorylation
domain (PD), to explain the details of the activation mechanism of
10S. We resolved amino acid 15 to the end of the RLCgy and amino
acid 14 to the end of the RLCpy that include the S19 phosphorylation
site (Fig. 4, A to C). The very N terminus of neither PD is visible in
our structure, likely owing to its flexibility and the lack of stabilizing
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interactions. This observation is in line with previous biochemical
studies that suggest dispensable roles for residues 1 to 14 in 10S for-
mation (36-38). A network of hydrophobic interactions stabilizes
the RLCpy-RLCpy (Fig. 4A) interface and electrostatic interactions
stabilize the RLCppy:segment 3 interdomain interface of 10S (Fig. 4B).
Specifically, the ~1215-A% solvent-accessible surface area at the
RLCp:RLCpy interface is stabilized by the PDgy including the
phosphorylatable S19 (Fig. 4A). Key electrostatic interactions include
QI5rrc pu:D55r1c e and Q15g1cr:E51Ric,r- Further, N20gi ¢ ru
interacts with T87gyc ru to lock in the position of the PD (Fig. 4A).
The structural data agrees with biochemical studies that highlight
the essential roles of RLC residues 15 to 20 and the dispensable roles
for residues 1 to 14 in 10S formation (36, 38). S19gy is buried in
the interface between both RLCs and is inaccessible for kinases
(Fig. 4, A and C). The N terminus of the RLCgy docks against
segment 3 (Fig. 4B). The ~1700-A? interface is largely stabilized
by ionic interactions among D1559egment 3» N1574segment 3, and
R1584segment 3 with N94p; ¢ r> N104g; ¢ sH» and E11 1rLcBH (Flg 4B).
S19r1cpu is surface-exposed and not involved in interactions with
segment 3, suggesting that it is amenable for phosphorylation by
kinases including myosin light chain kinase (8). The presence of an
accessible and inaccessible S19 phosphorylation site on the RLCpy
and RLCpy (Fig. 4C and movie S6), respectively, agrees with bio-
chemical data (10).

Further, we resolved the C terminus of the RLC that plays im-
portant roles in stabilizing the 10S state (35). Most notably, the
C termini of the RLCpyy and RLCpy; adopt a clamp-like conforma-
tion that stabilizes the interaction with the respective hooks of the
lever arms at the head-tail junction (Fig. 4D). This conformation has
not been observed in earlier structures of active and inactive myosins,
suggesting that not only the PD but also the C terminus plays an
active role in 10S formation and stabilization.

As with the RLC, we observed distinct binding modes of the
ELCgy and the ELCpy to the respective myosin lever arms (Fig. 4
and fig. S9). The ELCpy forms intricate interactions with elements
of the BH, segment 2, and the RLCgy (Fig. 4, E, F, and H) that con-
tribute to the stability of the acutely bent lever arm (Fig. 3A and fig.
S9). In contrast, the ELCpy only forms a single interaction with
the RLCpy (D191 pu:R123r1crr) (Fig. 4G). These differences in in-
tersubunit interactions are imposed by the pliant region between
the converter of the motor domain and the ELC that dictates the
asymmetry of 108 (fig. S9).

Comparative analyses of the light chains in our structure show
distinct conformations of the ELCs and RLCs bound to BH and FH
that stabilize and contribute to the asymmetry of 10S (fig. S9).
Notably, the conformations of the RLCs and ELCs differ from
previous crystal structures of single-headed myosin-2s in the pre-
powerstroke state by an RMSD of ~2.5 A, suggesting that confor-
mational changes in the light chains are required to assume and
stabilize 10S (fig. S9).

DISCUSSION

Mechanism of 10S formation, stabilization,

and phosphorylation activation

On the basis of our structure and previous biochemical data, we
propose the following possible sequence of kinetic and structural
events that result in the formation, stabilization, and activation of
108 by RLC phosphorylation (Fig. 5 and table S2).
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Fig. 4. Light chain interactions. (A) Interactions between the RLCgy (salmon) and the RLCry (dark purple). The PD of the RLCry forms extensive intra and intersubunit
interactions. (B) RLCgy interacts with segment 3. (C) Position of the phosphorylatable residue S19 is shown for RLCg (Wheat spheres) and RLCgy (orange spheres). The
resolved PDs of the RLCs are shown in red. S19¢4 is sandwiched between both RLCs; S19g is in close proximity to segment 3 (gray). (D) Different binding modes of the
RLCrn and the RLCp to the respective lever arms. (E) Interactions between the ELCgy with the RLCgy and the lever armgy. (F) Interactions between the ELCgy and segment 2.
(@) Interactions between the ELCgy and the RLCy. (H) Interactions between the ELCgy, the BH, and the lever armgy.

10S formation

Dephosphorylation of the RLC results in the formation of the IHM
(7, 14, 16). This destabilizes the interactions of the rod that are nec-
essary to form a filament. The formation of 10S occurs after dissoci-
ation of the RLC dephosphorylated myosin from a filament (39).
The 108 state is formed by asymmetric head-head interactions in
the THM, unique conformations of both light chains, and the com-
plex folding of the tail (Fig. 1, fig. S1, and movie S1). The 10S state
is strongly disfavored in the presence of the phosphorylated RLC
because a phosphate moiety on S19gy likely sterically clashes with
segment 3 and a phosphate moiety on S19¢y interferes with the for-
mation and stabilization of the RLCpy-RLCpy interface (fig. S10). A
distortion in the head domains that is induced by the binding of
ATP and the hydrolysis of ATP to ADP and P; in the unphosphoryl-
ated myosin transitions the motor in the off state rather than the
pre-powerstroke state (Fig. 1, A and B). This kinetic step likely pre-
cedes folding of the heads into the IHM and subsequently the 10S
conformation and prevents the release of the ATP hydrolysis prod-
ucts (Fig. 3, fig. S8, and movie S5) (40).

Heissler et al., Sci. Adv. 7, eabk3273 (2021) 22 December 2021

10S stabilization

In the off state, the myosin heads trap the ATP hydrolysis products
ADP and P; in their active sites (Fig. 3, fig. S8, and movie S5). The
off state is best described by a structural uncoupling between the
active site, the cleft, and the lever arm in BH and FH (Fig. 1, fig. S9,
table S2, and movie S3). The off state is essential to 10S stability as it
suppresses the release of the hydrolysis products ADP and P; (11).
The unique, wide open cleft and the sequestration of structural
elements of the actin interface to stabilize the 10S conformation
(figs. S5, B and D, and S6) result in weak actin binding (K4 > 100 pM)
and a ~1000-fold reduced myosin ATPase activity (10, 28).

10S relief

The RLCgy is phosphorylated by kinases including myosin light
chain kinase (7, 41, 42) on S19gy (Figs. 1B and 5). The presence of
the phosphate moiety on S19py induces complex structural changes
(movies S7 and S8). The RLCpy undergoes a pronounced confor-
mational change into the pre-powerstroke conformation in agree-
ment with biochemical studies (43). The PDgy likely disengages
with segment 3, and the C terminus of the RLCgy is repositioned to
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Fig. 5. Model for 10S relief by RLC phosphorylation. In the off state, phosphorylation of the RLCgy on S19 (pS19) causes structural transitions to the pre-powerstroke
state (RLCgp,pps, PDB ID: 1QVI; pS19 modeled) that make the RLCgy available for phosphorylation. Collectively, this is expected to result in 10S relief and the subsequent

activation of myosin motor activity.

adopt a pre-powerstroke conformation. This weakens the RLCpy-RLCry
interaction at the interface due to steric clashes and charge repulsions
and leads to a major transition of the PDgy that exposes S19gy (Fig. 5,
fig. S10, and movies S7 and S8). The increased accessible surface area
of the PD of the RLCpy is expected to facilitate the interaction with
RLC kinases. Phosphorylation of S19gy disrupts the RLCpy-RLCry
interface and triggers a conformational change of the RLCgy into
the pre-powerstroke conformation (Fig. 5, fig. S10, and movies S7
and $8). Together, these transitions cause 10S relief and promote
filament formation through the rod domain (28). This is necessary
but not sufficient to activate myosin ATPase activity. Structural
changes in the phosphorylated RLCs are likely transmitted via
allosteric intersubunit communication through the ELC to the motor
domain and trigger P; release and hence the activation of myosin
enzyme function.

Importance of the 10S structure for basic

and translational science

The highly conserved IHM (20), the structural basis of the “super-
relaxed state” (18, 44, 45), plays a key role in the regulation of striated
muscle contraction (46) with special relevance to cardiac muscle
contraction (45, 47). Many mutations in the 3-cardiac myosin-2 heavy
chain gene associated with hypertrophic cardiomyopathy (HCM)
cause hypercontractility of the heart by shifting the equilibrium be-
tween myosin-2 heads in the autoinhibited state to the active state
(18, 48-51). HCM mutations cluster predominantly in the “myosin
mesa,” a flat surface in the myosin head (49, 52), the converter
(53, 54), and parts of segment 1 that contact the IHM (18, 48-50).
These regions play key roles in the stabilization of 10S (Fig. 1) and
are amenable for drug-discovery efforts, as seen in the development of
the myosin inhibitor mavacamten that stabilizes the autoinhibited

Heissler et al., Sci. Adv. 7, eabk3273 (2021) 22 December 2021

state of cardiac myosin-2 in vitro (50, 55) and in vivo (55, 56) and
reverses the destabilizing effect of HCM mutations on the super-
relaxed state (50, 57). The improved resolution of our 108 structure will
facilitate future basic and translational research efforts to describe
how mutations destabilize or dysregulate the IHM and lead to HCM
and to exploit previously unidentified inter- and intramolecular inter-
faces for the development of mechanism-based therapeutics for HCM.

MATERIALS AND METHODS

Protein purification

Frozen chicken gizzards (100 g) (Pel-Freez Biologicals) were thawed,
and the fascia was removed. The tissue was homogenized in 500 ml
of buffer A [10 mM Mops (pH 7.0), 50 mM NaCl, 0.1 mM EGTA,
1 mM MgCl,, 1 mM dithiothreitol (DTT), and 0.1 mM phenyl-
methylsulfonyl fluoride containing 0.5% Triton X-100 in a Waring
blender for 30 s. The homogenate was sedimented [10,000 rpm in a
F-14-6 rotor (Thermo Fisher Scientific) for 10 min at 4°C], and the
pellet was resuspended in 400 ml of buffer A. This step was repeated
three times. The final pellet was homogenized in 400 ml of buffer B
[40 mM Mops (pH 7.0), 40 mM NaCl, 1 mM EDTA, 2 mM EGTA,
1 mM DTT, and 10 mM ATP] and stirred for 30 min at 4°C. The
extract was sedimented (20,000 rpm in a T29-8 rotor (Thermo Fisher
Scientific) for 20 min at 4°C]. The supernatant was supplemented
with 5 M NaCl and 0.5 M MgSOy to final concentrations of 600 and
20 mM, respectively. Saturated (NH,4),SO4 was slowly added to 42%
of saturation, and the solution was sedimented (12,000 rpm in a
F-14 rotor for 10 min at 4°C). The supernatant was removed, and
the volume was measured. Saturated (NH4),SO4 was slowly added
to 60% of saturation, and the solution was centrifuged (12,000 rpm
in a F-14 rotor for 20 min at 4°C). The pellet was dissolved in 25 ml
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of buffer C [10 mM Mops (pH 7.0), 25 mM NaCl, 0.1 mM EGTA,
and 1 mM DTT) and dialyzed overnight against 4 liters of the same
buffer. The dialysate was sedimented [20,000 rpm in a T29-8 rotor
(Thermo Fisher Scientific) for 10 min at 4°C], and the pellet was
resuspended in 20 ml of buffer D [10 mM Mops (pH 7.0), 600 mM
NaCl, 0.1 mM EGTA, and 1 mM DTT]. The protein was further
purified with size exclusion chromatography on a HiLoad 16/600
Superose 6 pg (Cytiva) in size exclusion chromatography buffer
[20 mM Mops (pH 7.5), 500 mM KCl, 0.1 mM EGTA, 1 mM MgCl,,
and 2 mM DTT].

Sample preparation and Cryo-EM data collection

The purified protein was cross-linked for cryo-EM studies to stabi-
lize the 10S conformation. In brief, the protein was diluted to 1 mg/ml
in low-salt buffer [10 mM Mops (pH 7.3), 150 mM NaCl, 1 mM
EGTA, and 2 mM MgCl,] and incubated with 1 mM ATP for 30 min.
The protein was cross-linked using 0.1% glutaraldehyde for 1 min,
and the reaction was quenched with 0.1 M tris (pH 8.0). The homo-
geneity of the cross-linked samples was assessed in negative staining
EM (fig. S2). For cryo-EM, C-flat 1.2/1.3 300-mesh Au grids were
glow-discharged with a PELCO easiGlow (Ted Pella Inc.) for 45s. A
volume of 4 ul of the cross-linked protein sample was applied to the
grids, incubated for 1 min, and blotted for 4 s at 95% humidity. The
grids were plunge-frozen into liquid ethane using a Leica EM Grid
Plunger 2 (GP2) (Leica Microsystems) and stored in liquid nitro-
gen until data collection.

To assess sample stability and particle distribution, the grids were
screened on a Glacios (Thermo Fisher Scientific) equipped with
Falcon 3EC direct electron detector at 200 kV. Optimal grids based
on the ice thickness and sample distribution were transferred to a
Titan Krios G3i (Thermo Fisher Scientific) operated at 300 kV. The
Krios was equipped with a K3 direct electron detector, a Bioquantum
energy filter, and a Cs image corrector. A total of 2678 movies with a
magnification of x81,000, corresponding to a pixel size of 0.4495 A,
were collected in super-resolution mode at a defocus range from —-1.5
to —3.5 wm with a total electron dose of 65 e /A* per movie. Data
collection was performed using EPU software (Thermo Fisher Sci-
entific). Data collection statistics are shown in table S1.

Image processing and 3D reconstruction

All raw movies were aligned, drift-corrected, and dose-weighed using
MotionCor2 software (58). Defocus and contrast transfer function
(CTF) parameters were estimated using Getf wrapper in cryoSPARC
v2.15 (59). Particle picking routines in cryoSPARC v2.15 (59) were used
to generate templates for particle picking. A small set of particles for
reference-free two-dimensional (2D) classifications was selected and
subsequently used as templates for four rounds of iterative 2D classi-
fications to remove junk particles. Fifteen well-aligned 2D classes were
used as templates for ab initio 3D reconstruction with 448,685 particles
in cryoSPARC. A major class with 234,464 particles of three classes
that showed clear 10S-like features was selected for homogenous 3D
refinements and achieved a global resolution of 4.2 A. A soft mask
was applied to mask out the flexible segment regions distal to the
IHM in Relion (60). The initial binary mask was extended three
pixels in all directions and subsequently further extended with a
raised-cosine soft edge of six pixels in width to improve the local
resolution of the reconstructed map. Nonuniform refinement using
this mask was performed after optimizing and refining the per-
particle defocus parameters in cryoSPARC. A global resolution of
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3.40 A was achieved in cryoSPARC at a Fourier shell correlation
(FSC) at 0.143, and the final FSC curve was corrected for the effect
of a soft mask using high-resolution noise substitution. This 3D map
was postprocessed with Locscale in CCP-EM (Collaborative Com-
putational Project for Electron Cryo-Microscopy) (61). All reported
resolutions are based on the gold-standard FSC = 0.143 criteria. Data
collection statistics and image processing summary are shown in table
S1 and fig. S3.

Model building, refinement, and validation

The postprocessed map was used to build a model of smooth muscle
myosin-2 10S (sequence IDs: myosin heavy chain, PP10587; ELC,
P02607; RLC, P02612) using templates of human nonmuscle
myosin-2C [Protein Data Bank (PDB) entry 5I4E] and smooth
muscle myosin-2 (PDB entry 1BR2) for the motor domains. The
structure of chicken smooth muscle myosin-2 with bound light chains
(PDB entry 3J04) was used as an initial template for building models
for ELC and RLC using rigid body docking into the cryo-EM recon-
structions of 10§ with molecular dynamics flexible fitting function
in Chimera (62). Iterative model building was performed using
real-space refinement in Phenix (63) and Coot (64) to manually
build the motor domains and the ELC. The C terminus of the RLC
and part of the PD of both RLCs that includes T18 and S19 were
manually built. ADP, magnesium, and phosphate molecules were
placed in the cryo-EM densities using Coot (64). Elements of loop-2,
CM-loop, and loop-4 in both motor domains were manually built
in Coot (64) as they adopt distinct conformations compared to
known myosin structures.

The structure of human 3-cardiac myosin S2 fragment (PDB en-
try 2FXM) was used as template to build segment 1 of 10S. a-Helical
restraints in Coot (64) were used to refine the segment 1. To place
the coiled-coil segments 2 and 3, residue G1530 was used as a marker.
Sequence analysis revealed a single glycine (G1530) in the junction
of segments 2 and 3. This residue was predicted to serve as a hinge
point between both segments. The structures of human f3-cardiac
myosin segments 2 and 3 (PDB entries 6PFP and 4XA4) were used
as template to build segments 2 and 3 of smooth muscle myosin-2,
respectively. In addition, the classic markers (N1532 from segment 3
and C108 from RLCgpy) were selected for segment placing. Manual
adjustments to the backbone and side chains for this model were
performed in Coot (64) and real-space refinement was performed
using Phenix (63). Models were further minimized and refined us-
ing Namdinator (65), which aids in automatic molecular dynamics
flexible fitting of structural models into cryo-EM maps using group
ADP and real-space refinements and validation tools in Phenix
(63) together with the RosettaCommons software package (66). Al-
though the distal parts of the segments of the model have local reso-
lutions greater than 5 A, these regions were placed with confidence
using Coot (64) based on the known cross-linking markers (26) and
G1530 as the sole hinge point at the junction of segments 2 and 3.
Of note, at this resolution, the rotamer conformations of the side
chains of the residues may not be faithfully determined. However,
we used the high-resolution structures of segments 2 and 3 from
human B-cardiac myosin as templates to build the best possible
rotamers using Coot (64) and minimized the rotamers using
Namdinator (65). All models were manually refined using postpro-
cessed cryo-EM reconstruction and manually verified using Coot
(64). The refined model was validated using MolProbity (67). The
RMSD for BH and FH was calculated for residues 29 to 788. Proteins,
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Interfaces, Structures and Assemblies (PISA) analysis (68) was used
to calculate the solvent-accessible surface areas. Of note, cryo-EM
maps usually do not have isotropic resolution (69), as seen in fig.
S2E for 108S. For this reason, only key side chains and their interac-
tions are shown in regions of the molecules where the local resolu-
tion is <4 A, if not stated otherwise, and the cryo-EM map is of
sufficient quality to place side chains with high confidence. The no-
menclature for secondary structure assignments and key struc-
tural elements in 10S is based on prior literature (70, 71). Figures were
made with UCSF Chimera (62), PyMol (https://pymol.org), and
BioRender (www.BioRender.com).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk3273

View/request a protocol for this paper from Bio-protocol.
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