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SUMMARY
Myosin 5a (Myo5a) is a dimeric processivemotor protein that transports cellular cargos along filamentous actin
(F-actin). Its long lever is responsible for its large power-stroke, step size, and load-bearing ability. Little is
known about the levers’ structure and physical properties, and how they contribute to walkingmechanics. Us-
ing cryoelectronmicroscopy (cryo-EM) andmolecular dynamics (MD) simulations, we resolved the structure of
monomeric Myo5a, comprising the motor domain and full-length lever, bound to F-actin. The range of its lever
conformations revealed its physical properties, howstiffness varies along its length andpredicts a large, 35 nm,
working stroke. Thus, the newly released trail head in a dimericMyo5awould only need to performa small diffu-
sive search for its newbinding site on F-actin, and stresswould only be generated across the dimer once phos-
phate is released from the lead head, revealing new insight into the walking behavior of Myo5a.
INTRODUCTION

Myosins comprise a large family of cytoskeletal motors with a

diverse range of biological functions.1–3 Each myosin comprises

an N-terminal motor domain, which contains a nucleotide and an

F-actin (filamentous-actin) binding site, followed by a lever,

which comprises the converter and a light chain binding region.

The C-terminal tail is composed of specific domains that dictate

the cellular function of the myosin. Small-scale conformational

changes in the motor, driven by nucleotide state and F-actin

binding, are amplified into a large-scale lever movement, which

drives the movement of myosin along F-actin. Thus, myosin effi-

ciently uses ATP hydrolysis to drive directional force and motion

along its track.

The mechanics of motors operating at the nanoscale are

largely different from macroscopic motors, due to the viscosity

of their environment, and the fact they are subject to thermal fluc-

tuations and Brownian motion.4,5 There is only a limited under-

standing of how small-scale changes at the active site of themo-

tor are translated into large-scale coordinated movements of the

lever. It is unclear what the range of lever conformations avail-

able to the motor is, how lever compliance varies along the lever,
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and how these properties contribute to the lever movement and

thus the working stroke. Here we address these questions using

Myosin-5a (Myo5a), a widely expressed myosin,6 and provide

evidence for the flexibility and conformational variability of the

lever and hypothesize how this may contribute to its working

stroke and walking behavior.

Myo5a is a dimeric motor that walks processively along

F-actin toward its barbed end,7 taking multiple steps without

dissociating.8,9 Its two heads are dimerized by a coiled-coil

tail, and it is recruited to cargo via its C-terminal cargo binding

domain.6 Its long lever is composed of the converter followed

by an a-helix that includes 6 IQ (isoleucine-glutamine) motifs,

each occupied by a calmodulin light chain (CaM). This enables

this myosin to take large, 36 nm, steps along F-actin, that

approximate the �36 nm helical repeat of the actin filament,10

thus minimizing azimuthal distortion.8,9 Its ability to take multiple

steps without dissociating arises from its ATPase mechanism, in

which ADP, not phosphate (Pi) release, is the rate limiting step.11

As a result, Myo5a has a high duty ratio, which means that each

head spends most of its ATPase cycle bound to F-actin.12

The step size of Myo5a is 36 nm, however, its working stroke is

estimated to be only 25 nm, composed of 20 nm from Pi release,
(s). Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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Figure 1. Cryo-EM shows the lever vari-

ability in Myo5a S1

(A) Cryo-EM maps for the nine 3D classes that

were generated (contour level: 0.28). All classes

showed density for all 6 CaMs. Breaks in density

for CaM5 and 6 in some classes (e.g., b) do not

appear if the molecules are displayed using

lower thresholds. Classes are displayed in order

of lever bend along the F-actin longitudinal

axis. The estimate of the masked global resolu-

tion at 0.143 FSC (Fourier Shell Correlation) is

displayed beneath each class. The circled class

(d) is the class with the best resolution that

was selected for generating the pseudoatomic

model.

(B) Shows a diagram with the color scheme used

here in all figures, together with the cryo-EM split

map. The myosin heavy chain is shown in red, and

each of the 6 calmodulin light chains (CaMs) are

shown in shades of blue, and labeled CaM 1–6,

where the number refers to which IQ motif the CaM

is bound. The polarity of F-actin is indicated by +

for the plus and – for the minus end of the filament.

The two adjacent F-actin subunits that interact

with the motor domain are colored green for the

F-actin subunit closest to the minus end (A-1), and

dark gray for the F-actin subunit closest to the plus end (A+1). The cryo-EM split map (contour level: 0.25) is shown for a single Myo5a S1 class (class d) with the

full-length lever (global resolution of 7.5 Å at 0.143 FSC).

(C) The pseudoatomic model of Myo5a S1 is shown fitted into the split map (from B).
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followed by �5 nm from ADP release.12 When both heads are

bound to F-actin, the lead head remains in its pre-powerstroke

conformation after Pi release and can only complete its power-

stroke when the trail head detaches.13 This is thought to

lead to an internal strain between the two attached heads of

�2 pN.14 The internal strain is thought to slow ADP release

from the lead head by �250 times compared to the trail head,

a process known as gating.15 This prevents premature release

of ADP from the lead head, and biases ATP binding to the trail

head followed by its detachment and a rapid diffusive search

for its next F-actin binding site (estimated as �11 nm in

100 ms12), enabling continuous forward motion.

The mechanical properties of the Myo5a lever are thus critical

for its walking behavior. It must be able to accommodate internal

strain (or deformation) to co-ordinate and promote forward step-

ping, and able to resist a stall force of �3 pN that prevents for-

ward motion.8 To gain a better understanding of the mechanical

properties of the lever, we have used cryoelectron microscopy

(cryo-EM) to generate high resolution 3D structures of a single-

headed Myo5a construct, composed of the motor domain and

a full-length 6IQ lever (S1), bound to F-actin. By resolving multi-

ple conformations of Myo5a S1 from a single cryo-EM dataset

we have uncovered the intrinsic flexibility of the molecule, deter-

mined the lever stiffness in 3D, and identified regions of compli-

ancy along its length. This allows us to interpret how lever flexi-

bility may influence the working stroke of Myo5a.

RESULTS AND DISCUSSION

3Dcryo-EMclassification captures 9 classeswith levers
in variable positions
To investigate the flexibility of the lever of Myo5a S1, we used

cryo-EM to determine its structure when bound to F-actin in
rigor. Previous cryo-EM studies ofMyo5a-1IQ bound to F-actin16

have shown a continuous conformational heterogeneity that was

lower in rigor than in the ADP state. Thus, we chose the rigor

state to optimize the chances of resolving multiple conforma-

tions of the lever. Focusing on a single Myo5a S1 and a single

F-actin subunit allowed us to generate a 3D reconstruction that

resolved the entire lever.

3D classification of Myo5a S1 molecules bound to F-actin re-

sulted in 9 classes, in which density for the whole lever could be

observed (Figure 1A). The position of the motor is unchanged be-

tween the classes while the position and conformation of lever

changes from a to i (Figure 1A). These classes likely represent

snapshots of the lever across the range of continuous motion

that the lever can undergo, reflecting the flexibility of the lever.

The number of particles in each class is similar, and the global res-

olution of each class varied from 7.5 Å (class d) to 10.7 Å

(Figures 1A and S1). Classes in which the lever angles are shallow

are not due to compression in the ice as side views contribute to

the reconstruction of each class (Figure S2). Side views are only

possible if the lever is lying in plane with the ice layer.

Within each of the 9 classes, the resolution of the cryo-EM

density map along the lever decreased moving away from the

motor. For example, in class d the global resolution decreased

from �7 to 25 Å, from the converter to IQ6 (Figure S1B). This re-

flects conformational heterogeneity even within a single class,

again demonstrating the flexibility within the lever. Using the

cryo-EM data to perform an initial refinement that focused on a

single motor domain and the first IQ generated a 4.2 Å recon-

struction that was similar in structure to that previously reported

for chicken Myo5a16 with a single IQ motif bound to F-actin in

rigor (Figure S3). Small differences in the F-actin structure in

our reconstruction compared to that in the earlier report16 likely

arise from our use of F-actin that was not phalloidin stabilized.
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Figure 2. Variation in CaM interaction with

IQ1–6 along the length of the lever

(A–C) Plots of per residue RMSF (root-mean-

square Fluctuation) of CaMs obtained from 3 indi-

vidual pseudoatomic model simulations in which

the heavy chain is restrained, and the CaMs are

unrestrained. The locations of the N-lobe, linker

and C-lobe are indicated. (A–C) show the results for

these individual repeats. RMSF was calculated in

CPPTRAJ (C++ Process Trajectory).36

(D) Cryo-EM map of Myo5a S1 demonstrating the

weak density for the N-lobe of CaM bound to IQ6

(CaM6) boxed.

(E) 90� rotation of boxed region in (D), with a

pseudoatomic model fitted to the cryo-EM density.

Residues at positions 7 (Arg898) and 11 (Lys902) of

IQ6 are displayed in sphere mode and labeled.

(F) Sequence alignment of all 6 IQ motifs of murine

Myo5a together with IQ4 of Myo2p (PDB: 1M4619).

Positions 7 and 11 of each IQ motif are highlighted

in gray.
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This shows that the interaction of the motor with F-actin is rela-

tively invariant.

The cryo-EM density for the class with the highest overall res-

olution (class d; Figure 1B) was fit with a pseudoatomic model

(Figure 1C), using all-atommolecular dynamics (MD) simulations

to determine the arrangement of the bound CaMs and their inter-

actions within the lever. The heavy chain was restrained, and the

CaMs were unrestrained in these simulations. The cryo-EM den-

sity for the N-lobe of CaM bound to the 6th IQ motif (CaM6) is

poorly resolved. It has been predicted that the CaM bound to

IQ6 would adopt an extended conformation, with its N-lobe ex-

tending away from the IQ motif, due to the substitution of Gly7

with Arg (Figure 2F).17,18 Thus, in the pseudoatomic model, we

used the extended light chain conformation of MLC1P bound

to IQ4 in the yeast myosin-5 Myo2p crystal structure (PDB:

1M4619) to build in CaM6. Our pseudoatomic model also

included the C-terminal FLAG tag sequence (DYKDDDDK) in

the heavy chain, present after IQ6 (residue 908 onwards).
2318 Structure 32, 2316–2324, December 5, 2024
The lever of Myo5A is composed of 6

CaM IQ motifs that alternate in length

from 23 residues (IQ1, 3, and 5) to 25 res-

idues (IQ 2, 4, and 6). In the pseudoatomic

model, we found that the conformation of

the CaM bound to the shorter IQ motifs (1,

3, and 5) was highly similar (Figure S4A).

Likewise, CaM bound to the longer IQ

motifs (2 and 4) was also similar. However,

as indicated by the cryo-EM density,

the N-lobe of CaM6 (CaM bound to IQ6)

only weakly interacts with the IQ motif

(Figure S4B) and is poorly resolved

(Figures 1C, 2D, and 2E). Interestingly, un-

like IQ6, the substitution of Gly7 with Met

in IQ3 does not result in an extended

conformation in the bound CaM, as

density for both lobes can be seen in

the cryo-EM density map (Figures 2D,

2F, and S4A). Moreover, previous work
showed that the Gly7Met substitution in a consensus IQ motif

(AATKIQAAFRGHITRKKLK) weakened its interaction with CaM

by �10-fold.17 In the full-length intact lever, it is likely that neigh-

boring CaMs reduce the flexibility of the N-lobe of CaM3, stabi-

lizing its interactions with the IQmotif, suggesting CaMs bind the

heavy chain cooperatively. Various studies have identified that

Ca2+ affects CaM binding to the lever, with CaM2 being the

most sensitive to Ca2+,20 IQ2 having the weakest affinity for

CaM21 and CaM2 most likely to dissociate from the lever when

Ca2+ increases.20,22 The loss of CaM2, and its stabilizing interac-

tions with CaM3, may result in the extension of the N-lobe of

CaM3, which in turn could contribute to the destabilization of

the lever at increased Ca2+ levels.

Comparing themobility of CaM6 to the other 5 CaMs usingMD

simulations demonstrated that the extended conformation of its

N-lobe (Figure S4B) is moremobile and does not tend toward the

canonical closed state (Figures 2A–2C). The increased mobility

of the N-lobe of CaM6 compared to CaMs 1–5, is consistent



Figure 3. The overall bending stiffness of the

lever is directionally isotropic within cryo-

EM 3D classes

(A) Post-processed maps of cryo-EM 3D classes in

order of lever bend along the F-actin longitudinal

axis (tilt). Visualized in the xy plane of the maps. The

dashed line parallel to the x axis of the maps em-

phasizes the change lever bend between classes.

Maps are Gaussian smoothed (SD 5 Å) (contour

level: 0.15).

(B) Post-processed maps of cryo-EM 3D classes in

order of lever bend along the F-actin short axis

(slew). Visualized in the zy plane of the maps. The

dashed line parallel to the y axis of the maps em-

phasizes the change lever bend between classes.

(C) Post-processed maps of cryo-EM 3D classes

overlayed. The coordinate systems the cantilever

bending stiffness measurements were taken from

are displayed as 3D arrows (see STAR Methods).

x axis = orange arrows, y axis = black arrows,

z = axismean lever vector (see STARMethods). Eye

shows viewpoint graphed in (D).

(D) Plot of the displacement of the end of the lever in

each class from the mean (z) (see STAR Methods),

used to calculate the overall bending stiffness.

Changes in x represent motion across the F-actin

short axis (slew), changes in y represent tilt mo-

tions toward and away from the F-actin longitudinal

axis (tilt).
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with its weak density in the cryo-EM map (Figure 2D). The

mobility of the C-lobe was similar for all CaMs. However, we

cannot entirely rule out that in our Myo5a S1 construct, the

lack of downstream sequence is partly responsible for weaker

interactions between the N-lobe of CaM and IQ6 compared to

the full-length motor. Interestingly, the recent shutdown struc-

ture of full-length Myo5a shows all 6 IQ-CaM interactions are

conserved; however, the N-lobe of CaM6 is in close contact

with one of a-helical strands of the coiled coil, stabilizing the

sharp bend at the head-tail junction.23 This is consistent with

the idea that the N-lobe of CaM6 is more mobile as conforma-

tional changes occur at this region during switching between

the shutdown and active state. On balance, we think it is likely

that the interaction between the N-lobe of CaM and IQ6 is labile,

whichmay be important for helping the switch between the shut-

down and active state, and that the N-lobes of CaMs bound to

IQ3 and IQ6 can extend into the solvent, as reported for Mlc1p

andMyo2p at IQ4,19 if upstream or downstream stabilizing inter-

actions between adjacent CaMs are absent.

The flexural rigidity of the Myo5a lever varies along its
length
The decrease in local resolution along the lever and the 9

different lever positions in the 3D classes, demonstrate the

intrinsic flexibility of the lever, unconfined by a second head.

Using the 3D classes, we calculated the overall bending stiff-

ness of the lever, by measuring the difference in position of

the distal end of the lever in each 3D cryo-EM class from the

mean position when the converter is superposed (Figures 3

and S5A) (see STAR Methods for details). We define the start
of our lever as the converter and the end as the midpoint along

the CaM bound to IQ6. Of note, although the decrease in reso-

lution toward the end of the lever results in some uncertainty

about the position of CaM6, excluding it would artificially reduce

the length of the lever and would therefore make the bending

stiffness appear higher. The bending stiffness increases as the

cube of the lever length, thus a 15% reduction in the lever length

would increase the stiffness by 60%. However, the flexural ri-

gidity of this section is less significant to the determination of

the displacement (the contribution is proportional to the square

of the distance from the free end) than sections that are closer

to the motor domain.

Treating the lever of Myo5a as a cantilever, we calculated its

overall bending stiffness to be 0.75 ± 0.07 pN nm�1 for Myo5a.

The bending stiffness is directionally isotropic, as the calculated

values for slew (across F-actin short axis) and tilt (bending to-

ward and away from F-actin) are not significantly different (0.77

pN nm�1 and 0.73 pN nm�1, respectively [±0.3 pN nm�1 confi-

dence interval]) (Figures 3 and S5C), and the covariance is small

compared to the variance (Pearson’s correlation coefficient is

0.02). The overall variation in the angle of twist over the whole

lever is � ± 20�. This is sufficiently small to be ignored in terms

of mixing between the motions of slew and tilt. Furthermore, as

the bending stiffness is isotropic, twisting does not affect

bending. If we additionally include the motor in this calculation,

using the base as the start point of our lever (Figure S6), the

bending stiffness for the head in rigor is 0.67 pN nm�1. Our esti-

mates of the overall bending stiffness are similar in magnitude to

that recently determined for the full Myo5a head using negative

stain EM (ns-EM) (0.75 pN nm�1),24 and to previous estimates
Structure 32, 2316–2324, December 5, 2024 2319



Figure 4. Determining the local flexural ri-

gidity of lever subdomains from the cryo-

EM data

(A) An example discretization of Myo5a S1 (class d)

into 7 subdomains for calculating the local flexural

rigidity (see STAR Methods for details), displayed

within the Gaussian smoothed cryo-EM map (SD

5 Å) (contour level: 0.15).

(B) The calculated local flexural rigidity for sub-

domains of Myo5a S1 (A). The flexural rigidity of a

uniform beam corresponding to the overall lever

bending stiffness is plotted as a red line (overall).

Base = F-actin binding interface, C = converter,

1 = CaM1, 2 = CaM2, 3 = CaM4, 5 = CaM5, 6 =

CaM6. Error bars show the SD of the random error

(see STAR Methods for details) as a percentage of

the reported stiffness. See also Table S1.
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from optical trap measurements (0.2 pN nm-112), and ns-EM im-

ages of dimeric actomyosin-5a (0.26 pN nm-125).

The overall bending stiffness of the lever can then be used to

calculate the maximum deflection of the lever when forces of a

similar magnitude to those experienced by Myo5a are applied

to its end. For example, the intramolecular strain across the dimer

when both heads are bound has been calculated to be 2 pN.14

The stall force for Myo5a dimers walking along F-actin in an op-

tical trap assay has been calculated to be �3 pN,8 and the stall

force for amonomer bound to F-actin to be�4 pN.26 For an over-

all bending stiffness of 0.75 pN nm�1, we calculate that the lever

would be deflected by 1.5–3.0 nm across this force range, which

corresponds to 0.9–1.7 nm along F-actin (STAR Methods). Inter-

estingly, the 4 pN force would deflect the lever close to the limit of

the unstrained fluctuations we observe (�4 nm) (Figure 3D). The

lever deflections in this force range are approximately equivalent

to the change in lever end distance between the rigor and ADP

state. This could explain how forces in this range alter lever posi-

tion sufficiently to prevent entry into the rigor state. Note that de-

flections close to motor will be much smaller, 0.04–0.09 nm for

CaM1 (0.03–0.05 nm along F-actin).

The density for all 6 CaMs in our 3D classes further allows us to

determine if the lever behaves as a beamwith uniform bending or

if there are distinct points of flexion along its length. These are

thought to arise from increased spacing and reduction in CaM-

CaM interactions between a CaM bound to an IQ motif that is

25 residues long and its neighboring C-terminal IQ motif, 23 res-

idues long, such as IQ2 and IQ3.18 A further pliant region could

also lie between the converter and the CaM bound to IQ1

(CaM1).13,27

To quantify the variation in flexural rigidity along the lever we

first discretized Myo5a into 7 subdomains (Figures 4A and

S6A) and then used the variance in subdomain conformations

captured in the cryo-EM 3D classes (Figures S6C–S6E and

S7A–S7C) to calculate the flexural rigidity of each subdomain.

The resulting values (Figures 4B and S6F; Table S1) can be

compared to the flexural rigidity of a uniform beam, where a

bending stiffness (0.75 pN nm�1) for a lever of 20.4 nm (the

average distance between the midpoint of CaM bound to IQ6

and the converter) gives a flexural rigidity (EI) of 2,100 pN nm2

(dotted red line, Figure 4B). This is similar to the value estimated

previously (EI = 1,500 pN nm2) from the force a lever bears under

conditions close to stall.28
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The flexural rigidities calculated from our cryo-EM data (Fig-

ure 4B; Table S1) suggest that stiffness is not uniform but varies

along the length of the lever. As anticipated, one of the regions of

increased pliancy is the ‘‘pliant point’’ between the converter and

CaM1,13,27 which has a flexural rigidity similar to that expected

for a uniform beam. Of note, the flexural rigidity here is more

than a factor of 3 smaller than the neighboring regions and is

strongly anisotropic. Thereafter, the regions between each IQ

range in stiffness from stiffer than a uniform beam (IQ1–2 and

2–3), to equally as stiff (IQ3–4) and less stiff (IQ 4–5 and 5–6) (Fig-

ure 4B). Our data suggest that the variation in IQ spacings and

CaM-CaM interactions do not dictate the stiffness at subdo-

mains in contrast to earlier predictions.18 Moreover, flexural ri-

gidity (Figures 4B and S6F; Table S1) is not correlated with sub-

domain pair conformation as measured by angular distribution

(Figures S7A–S7C), distance (Figure S7D) or interdomain inter-

actions. Of note, subdomain pair conformation measurements

from previously obtained structures fall within a similar range

to our measurements (Figure S7). Finally, if Myo5a acts as a

cantilever, the moment (tendency of a force to cause bending

about the hinge) at each point along the lever is proportional to

its distance from where the force is being applied. Thus, if there

are indeed regions of pliancy along the length of the lever then

the effects of forces on these regions will be most strongly felt

the further away from the cantilever end and the closer to the

opposing force of the fixed end they are. This may explain why

only the region between the converter and CaM1 has been the

previously identified as pliant, as previous EM analysis was per-

formed on the double head bound dimer as opposed to an unre-

strained lever considered here.

The change in flexural rigidity along the length of the lever is

likely to be important for Myo5a mechanics. The lever must be

sufficiently stiff to generate intramolecular strain and to with-

stand load from cargos without collapsing. The lever must also

be sufficiently flexible to accommodate changes in step size,

stereospecific binding to F-actin, and swapping filament track

in an F-actin network.25,29 A Myo5a construct that comprises

two IQ domains followed by a single alpha helix (SAH), which re-

places IQ domains 3–6, can still walk processively, but does not

generate intramolecular strain.30 The flexural rigidity of an SAH is

�150 pN nm2 which is �1/4 the stiffness between CaM4–6

(520 ± 200 pN nm2 at the CaM4–5 subdomain, and 730 ± 150

pN nm2 at the CaM5–6 subdomain). Taken together this could



Figure 5. The working stroke of Myo5a is

35 nm

(A) Schematic diagram to demonstrate how dis-

tances for (B) were calculated. Distances between

lever ends in the modeled ADP-Pi, ADP, and rigor

conformations (seeFigureS8andSTARMethods for

details) are shown as black dashed arrows. Yellow

dashed lines show these distances as a translation

along the F-actin vector (0th to 13th subunit, gray

arrow, see STAR Methods for details). + indicates

the plus end of F-actin,� indicates the minus end of

F-actin.

(B) Histogram of the translation of Myo5a lever ends

along F-actin vector from the ADP-Pi conformation

to ADP and to rigor (see STAR Methods for details),

and the fitted Gaussian distributions. The probability

of each class being paired was calculated using the

proportion of particles in each of the cryo-EM 3D

classes (see STAR Methods).
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mean that some rigidity at the start of the lever is required for

transmitting the powerstroke and some rigidity (at least 4 3

SAH stiffness) is required to communicate intramolecular strain

between heads. The flexibility toward the end of the lever may

help accommodate for stepping errors and angular disorder in

F-actin.24

Lever flexibility augments Myo5a working stroke
The working stroke is considered to result from small conforma-

tional changes in the motor domain, resulting from Pi and ADP

release, that are amplified by a large movement of the lever.

However, as our data show, rather than a single conformation

for the lever in the rigor (post-powerstroke) state, a range of lever

conformations is possible. If we assume a similar range of lever

conformations is possible in the ADP-Pi (pre-powerstroke) state,

then we can use this to calculate the range of possible values for

the working stroke.

First, we determined the range of lever end positions for the

rigor state by flexibly fitting the lever model of class d into each

of the 3D classes (a–i, Figure 1A) (STAR Methods). We chose

the end of the lever to be residue 912 (res 912 Ca atom), the

last residue that is likely to interact with CaM in the active dimer.

This residue was selected as it is the last interacting residue for

CaM bound to IQ2 in the IQ1–2 crystal structure (PDB: 2IX731).

Although density for the N-lobe of CaM6 is lacking, we expect

that it would interact with the heavy chain in the dimer, as

observed in the shutdown state.23 As there is no deposited

structure of the F-actin bound ADP-Pi motor, it was necessary

to generate a model. Thus, we used the structure of Myo5a

bound to an ADP-Pi analog (ADP-VO4) (PDB: 4ZG432) and

modeled the F-actin bound state by docking residues 490–530

of the ADP-VO4 structure (PDB: 4ZG432) onto residues 492–

532 of ADP F-actin bound structure (PDB: 7PM6) (Figure S8).

This method of docking was chosen as the L50 domain interac-

tion with F-actin has recently been shown to be conserved in the

ADP and ADP-Pi bound state.33 To model the range of lever end

positions for the ADP-Pi and ADP states we then superimposed

our lever models for each of the 3D classes onto the converter

domains of our ADP-Pi model, and the recent Myo5a-ADP struc-

ture bound to F-actin (PDB: 7PM516) (Figure S8). Finally, we

determined the distance traveled along the F-actin longitudinal
axis between each nucleotide state for all combinations of lever

conformations (Figures 5A and S8).

Using this approach, we calculate the working stroke of

Myo5a (between the ADP-Pi and rigor state) to be 35 ± 6 nm

(mean ± standard deviation [SD], Figure 5). The translation be-

tween the ADP-Pi and ADP states is 3 nm shorter (32 ± 5 nm

[mean ± SD]) (Figures 5 and S8), consistent with the known struc-

tural transition of Myo5a on ADP release.16 Incidentally, if we su-

perimpose the model of the lever for each 3D class on CaM1

instead, to account for potential increased interactions of

CaM1with the converter andmotor in the pre-powerstroke state,

the estimated working stroke only increases by 1 nm. Moreover,

the distribution of working strokes we observe (Figure 5B) could

help to account for the variation in step size recently demon-

strated for theMyo5a dimer using high-resolution interferometric

scattering microscopy.24

The value we determine for the working stroke is similar to that

calculated in a recent cryo-EM study that used a Myo5a S1 (sin-

gle IQ) mutant, in which product release following hydrolysis is

slow.33 In that study the lever from the shutdown state struc-

ture23 was superimposed onto their pre- and post-powerstroke

structures bound to F-actin to calculate a powerstroke of

34 nm. Both of these two new estimates of the working stroke

are higher than previous reports. In one earlier study, the working

stroke was estimated to be 27 nm using structures of Myo5a S1

(single IQ) in F-actin bound ADP and rigor states, the ADP-VO4

structure, and modeling in the full-length lever.32 Our higher es-

timate can be accounted for by the use of a model that more

accurately represents the F-actin bound ADP-Pi state
33 and

the use of a population of flexible levers rather than a single

straight lever. Previous estimates obtained from optical trap

measurements were 25 nm for dimeric Myo5a and 21 nm for

Myo5a S1.12 However, these estimates may be biased to prefer-

entially select smaller displacements than the working stroke.34

Our larger estimate of the working stroke suggests that the

diffusive search a newly detached myosin head needs to

perform to rebind to F-actin at the next binding site in the walking

dimer, is closer to 1 nm and not �10 nm as previously sug-

gested.12 Instead, the length of the working stroke of a single

head is sufficient to translate the molecule by �35 nm, which

is close to the �36 nm helical F-actin repeat. This raises the
Structure 32, 2316–2324, December 5, 2024 2321



ll
OPEN ACCESS Article
idea that strain across the dimericmolecule is not generated dur-

ing binding of the new lead head but is only generated after Pi

release. Strain therefore arises from the trail head preventing

the lead head from entering the post-powerstroke state, as orig-

inally suggested from ns-EM images of Myo5a walking along

actin.35

CONCLUSION

3D reconstruction of the full-length Myo5a lever domain in 9

different conformations has revealed properties of the lever

that contribute to its mechanics. Analyzing the overall bending

stiffness demonstrates that the stiffness of the lever is direc-

tionally isotropic. This means that the lever can accommodate

intramolecular strain in a walking dimeric motor in all directions

as it navigates a complex F-actin network. Analyzing the flex-

ural rigidity along the length of the lever has shown its stiffness

is not uniform but varies along its length, with the first pliant re-

gion between the converter and CaM1 and further pliant re-

gions beyond IQ3. The initial region of the lever, comprising

IQs 1–3 and their associated CaMs, is relatively stiff compared

to the end of the lever. Interestingly, no single characteristic,

i.e., the conformation of the subdomain or the number of inter-

domain interactions seems to correlate with flexural rigidity.

This suggests that either the combined influence of these fea-

tures encodes the flexural rigidity at subdomains or features yet

unexplored.

3D cryo-EM reconstruction is an important approach in esti-

mating bending stiffnesses and can provide a more direct anal-

ysis than other techniques. Due to 3D resolution along the

length of the lever we were able to probe properties of the lever

directly. The variable flexibility along the length of the lever

demonstrated here challenges previous hypotheses that as-

sume the lever is a beam with uniform bending along its length.

It is possible that images of the dimer with both heads bound to

F-actin under strain have led to this idea, as they show a taut

lever as opposed to one that can flex and bend (e.g., a tightrope

is rigid under strain but is made of flexible rope), which prevents

different properties along the length of the lever from being re-

vealed. This highlights the value of using a single head as the

lever is not constrained.

The ensemble of lever conformations within the cryo-EM 3D

classes has further allowed us to calculate a working stroke

that is longer than previously described,12,32 and that strain be-

tween the two attached heads in the walking motor is likely to

only be generated once the motor has bound to F-actin, and Pi

has been released. The nature of this strain, and its effect on

the structure of the lead and trail heads will require cryo-EM

structures of the Myo5a dimer as it walks along actin, a key chal-

lenge for the future.
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Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Michelle Peckham (m.

peckham@leeds.ac.uk).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

d The EM density maps for the nine 3D class reconstructions (class a

[EMDB: EMD-16846], class b [EMDB: EMD-16848], class c [EMDB:

EMD-16849], class d [EMDB:EMD-16850], class e [EMDB: EMD-

16851], class f [EMDB: EMD-16853], class g [EMDB: EMD-16852], class

h [EMDB: EMD-16854], and class i [EMDB: EMD-16855]), and the

reconstruction focused on the motor domain with the first two IQs

only (EMDB: EMD-16856), have been deposited in EMDB. The simu-

lated pseudoatomic model for class d was deposited in the PDB

(PDB: 8OF8). They are publicly available as of the date of publication.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Insect Sf9 cells (RRID: CVCL_0549) were used for expression ofmurineMyo5a andCaM. Expression and purification were performed

by the laboratory of Prof. Howard White (East Virginia Medical School, USA) and the purified proteins were gifted to us for the exper-

iments reported here. Rabbit skeletal muscle was used for globular actin (G-actin) purification.

METHOD DETAILS

Sample preparation
The murine Myo5a S1 construct (residues 1-907 followed by a FLAG-tag, cloned into a pFastbac plasmid (Thermo Fisher Scientific))

and CaM proteins were purified as described37,38 and stored in liquid nitrogen (LN2). Both proteins were kindly provided to us by

Howard White (East Virginia Medical School, USA). Briefly, Myo5a and CaM were co-expressed using a baculovirus/Sf9 cell system

following the protocol provided by the manufacturer (Thermo Fisher Scientific) and purified using FLAG-affinity chromatography.

Rabbit skeletal muscle G-actin stockswere purified fromacetone powder of rabbit back and legmuscle as described.39 Alternatively,

G-actin (>99% pure) purified in the same way can be purchased from Cytoskeleton Inc. G-actin was dialyzed into 0.2 mM CaCl2,

0.5 mM DTT, 0.2 mM ATP, and 2 mM Tris-HCl, at pH 8.0, and stored in LN2.

After thawing stored CaM bound Myo5a S1, excess CaM was added in a 2:1 molar ratio of CaM to Myo5a to ensure all IQ motifs

were fully occupied. After thawing, G-actin was polymerized on ice, by first exchanging Ca2+ for Mg2+ in exchange buffer (final so-

lution concentrations: 1 mM EGTA, 0.27 mM MgCl2) followed by polymerization in polymerization buffer (final solution concentra-

tions: 25 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM MOPS, pH 7.0) overnight on ice.

Grid preparation and cryo-EM data acquisition
Quantifoil R2/2 carbon Cu 300mesh grids (Agar Scientific, Stansted, UK) were glow discharged in an amylamine vapour at 20 mA for

30 s (GloQube, Quorum Technologies Ltd, Laughton, UK). Directly before application, F-actin was sheared by being repeatedly

drawn up and ejected with a gel-loading pipette tip to shorten filaments, to increase the amount of F-actin observed occupying

grid holes. 1 mL of sheared F-actin (0.5 mM) was applied to the grid and incubated for 2 mins. 3 mL of Myo5a S1 supplemented

with CaM (3.3 mM + 6.7 mM, respectively) was added to the grid in the Vitrobot Mark IV (ThermoFisher, Altrincham, UK), followed

by a second incubation of 2 mins. Final concentrations of proteins were: 0.125 mM actin, 2.5 mM Myo5a S1 5 mM CaM. All dilutions

were done using 100mMKCl, 0.1mMEGTA, 1mMMgCl2, 10mMMOPS, pH 7.0. Grids were then blotted for 3 s at blot force -25with

Whatman no. 42 Ashless filter paper (Agar Scientific, Stansted, UK), to reduce the risk of Ca2+ causing CaMs to dissociate, at 8 �C
and 80%humidity. Following blotting grids were drained for 0.5 s and flash-frozen in liquid ethane. Grid preparation procedureswere

optimised around previously published methods for Myo5a.16,32 Data was recorded on the FEI Titan Krios I (Astbury Biostructure

Laboratory, University of Leeds, Leeds, UK) equipped with a FEI Falcon III detector operating in linear mode (Table S2).

Cryo-EM image processing
First, MotionCor240 was used to correct for beam-inducedmotion, and the contrast transfer function (CTF) was estimated using Gctf

(GPU accelerated CTF),41 before subsequent processing steps (Figure S9). The start-end coordinates of F-actin filaments were

manually picked using RELION 3.1 (Figure S9B).42 Particles were extracted in RELION 3.1 using helical parameters (box size 608

px, helical rise 27.5 Å, tube diameter 250 Å). The data was initially binned to 2.13 Å. Helical 3D refinement was used to produce

an initial model (tube outer diameter 140 Å, angular search range tilt 15� and psi 10�, initial twist -166.15�, helical rise 27.5 Å, twist

search -165� to -167� with a 0.1� step, rise search 26.5 Å to 28.5 Å with a 0.1 Å step) (Figure S9C). A known structure of the

Myo5amotor (PDB: 7PLU16) was rigid fit into the helical refinement map at a motor domain that was the best resolved and positioned

at the centre of the box, using Chimera.43 A map of the fitted PDB structure was generated in Chimera43 and used as an input to

generate a wide mask of the motor domain in RELION 3.1 for masked 3D classification.42 Masked 3D classification was performed

in RELION 3.1 to classify out undecorated F-actin and to only include particles with myosin bound at the centre of the box (5 classes,

no image alignment, regularization parameter T = 4) (Figure S9D). This dataset was then un-binned (1.065 Å) as initial reconstructions

were reaching the Nyquist limit. 3D helical refinement followed by masked post-processing of this subset of particles produced a

map with a 3.8 Å global resolution, but with limited detail across the lever (Figure S9C). All global resolutions were determined using

the gold standard Fourier Shell Correlation (FSC) reported to FSC= 0.143 (FSC0.143) using RELION 3.1. To compare themotor domain

to the previously published chicken actomyosin-5a rigor structure (PDB: 7PLU16), particle subtraction was performed subtracting all

density outside of a mask comprising of the motor, the first 2 CaMs and 3 F-actin subunits. 3D refinement followed by post-process-

ing, produced a map with a global resolution of 4.2 Å according to the FSC0.143-criterion (Figure S9E), which was similar to that pre-

viously published (3.2 Å, PDB: 7PLU16) (Figure S3). This map was then locally sharpened using DeepEMhancer.44

To improve lever resolution, particle subtraction was required to aid particle alignment and centralize the lever domain within the

box. It was noted from initial 3D helical reconstructions that the lever density was smeared, so awidemask containing 1 actin subunit,

the motor, and a cone shape for the lever to accommodate flexibility was used for subtraction (Figure S9F). A map was generated in

Chimera comprising a single actin subunit, a motor (both from PDB: 7PLU16), and multiple copies of a Myo5a lever model (PDB:

2DFS45) arranged in a cone shape tapering at the motor and splaying towards the lever end. These were positioned so that the

boundaries of the cone met the density of the neighboring F-actin bound heads in the helical map. A wide cone-shaped mask
e2 Structure 32, 2316–2324.e1–e6, December 5, 2024
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was generated in RELION 3.1 using the cone-shaped map (Figure S9F). The signal outside of this mask was subtracted from the

binned (to 2.13 Å) 2D images, and particles were re-centered bringing the lever to the focal point of the box. 3D refinement of the

subtracted particles produced a map (cone subtracted map) with 4.3 Å global resolution according to the FSC0.143-criterion (Fig-

ure S9G). This map was locally sharpened using DeepEMhancer.44 The cone subtracted map had improved resolution across the

lever, however defined density for CaMs 5 and 6 could not be seen (Figure S9G).

To resolve CaMs 5 and 6, 3D classification of the lever domain using a cone shaped lever mask was performed. This mask was

generated in the same way, but the actin subunit and motor domain were excluded to classify based on lever conformation only.

Attempts to classify into 10 or 20 classes both resulted in �9 reasonable classes (Figure S9H). These conformations reconstructed

by 3D classification are not distinct conformational states but representative of continuous thermally drivenmotion of the lever, as the

conformation of the classes produced differed in both modes of division (10 or 20). Much larger numbers of particles may have re-

sulted in a larger number of classes. The maps were locally sharpened using DeepEMhancer.44 Though classification led to a reduc-

tion in overall resolution due to loss of particles in the reconstruction, we were able to see across the full length of the lever while the

motor is actin bound (Figure S9I). However, we cannot rule out that there may be particles representing more extreme lever confor-

mations outside of the subtraction and classification masks used to focus the image processing.

The cryo-EM 3D class with the best global resolution (7.5 Å) (Figures S9I and S1A) was selected to build a pseudoatomic lever

model (Figure 1D). The local resolution of this map was calculated using SPOC (statistical post-processing of cryo-EM maps) (Fig-

ure S1B), as the local resolution calculations in RELION are unreliable at resolutions lower than 10 Å.46

All maps displayed in the figures have been locally sharpened using DeepEMhancer.44

Cryo-EM model building and refinement
An initial levermodel including the converter + 6IQmotifs sequence (698-907) + 8 residue FLAG-tag, and 6 CaM sequences, was built

in AlphaFold 2.0 using CollabFold Google collab notebooks.47 This model was then flexibly fit into the density of the best 3D class (d)

using Isolde,48 applying distance and torsional restraints taken frommurine IQ1-2 and CaM structure (PDB: 2IX731) to each CaMpair.

Distance and torsional restraints from the Myo2p 25-residue spaced pair structure (PDB: 1N2D18) were applied to interacting resi-

dues in 25 residue spaced pairs (Glu14-Arg91, in CaM2-3 andCaM4-5), as density corresponding to these interactions could be seen

in the selected class (d) map. Only the C-lobe of CaM6was included in fitting as only density for this half of themolecule could be seen

in the map. To model the N-lobe of CaM6 a homology model of CaM in an extended state, based on a Myo2p-Mlc1p structure (PDB:

1M4619), was built using SWISS-MODEL.49 The sequence identity between humanCaMand yeastMlc1p is 33.57% (Figure S10). The

C-lobe of the homology model was superimposed onto the C-lobe of the initial CaM6 model. The N-lobe (residues 3-84) of the ho-

mology model was then joined to the C-lobe of the initial CaM6 model and minimized in Isolde without map weighting.

A pseudoatomic lever model was generated by performing all-atom MD simulations of the fitted lever model to gain side-chain

conformations. All simulations were performed using Amber2050 with the FF19SB forcefield.51 The lever model was protonated ac-

cording to the Amber residue templates and then solvated with TIP3P water molecules in an octahedral box that extended 14 Å from

the protein. An octahedral box was chosen as it is the closest shape to a sphere, recommended for elongated molecules such as the

Myo5a lever. K+ ions were added to neutralize the system, then KCl was added to a final concentration of 100 mM. After initial energy

minimization the systemwas heated to 300 K as positional restraints were decreased from 100 to 0 kcal/mol/Å2, except for across the

lever heavy chain. A restraint of 1 kcal/mol/Å2 was applied to the backbone of the lever heavy chain throughout the minimization,

equilibration, and production runs, to permit CaMmotion and interaction with the heavy chain side-chains but maintain the lever po-

sition seen in the cryo-EM map. Minimization and equilibration steps were performed on the ARC4 standard nodes (Intel Xeon Gold

6138 CPUs (‘Sky Lake’)). NMR distance restraints were also applied between interactions visible in the cryo-EM density

(Glu14Arg90). To do this, distance restraints were applied between the Cd atom of Glu, and Cz of Arg, to not dictate which

N and O interact. These were weighted at 20 kcal/mol/Å2 within 1.9 Å of the bounds of the flat well restraint (3.4-5.3 Å), and a

20 kcal/mol/Å2 harmonic potential was applied outside of this range. The MD production runs used the pmemd.cuda module

from Amber20 and were run on Bede using Tesla V100 GPUs. MDwas performed for 300 ns in triplicate repeat. The Berendsen Ther-

mostat was used as recommended to maximize GPU performance. To compare the flexibility of each CaM, per residue root mean

square fluctuation (RMSF) analysis was performed using CPPTRAJ on each CaM for all three repeat simulations.36

Following simulation, the average conformation was calculated in VMD (Visual Molecular Dynamics),52 and the frame of the trajec-

tory with the lowest global RMSD (Root Mean Square Deviation) with the average conformation was selected as a model for each

repeat. A further round of minimization was then performed on the ARC4 general nodes to restore sidechains to low energy confor-

mations. After minimization, eachmodel was scored in MolProbity,53 and the repeat with the lowest MolProbity score and the largest

proportion within the cryo-EM density was selected as the final lever model.

To generate a model of the motor domain, a homology model of murine Myo5a was made using the chicken actomyosin-5a rigor

structure (PDB:7PLU16) as the template in SWISS-MODEL.49 The sequence identity between mouse and chicken Myo5a is 94.61%

(Figure S11). This was then fit into the cryo-EM density using Isolde,48 applying distance and torsional restraints based on the tem-

plate. Residues 1-698 were then joined to the pseudoatomic lever model (699-915). The regularize zone tool in Coot was used to

correct over the stitch region.54 The F-actin subunits from the chicken actomyosin-5a rigor structure (PDB:7PLU16), with phalloidin

removed, were also fit into the density corresponding to actin using Isolde.48 As the resolution of F-actin and the motor domain was

insufficient to fit side-chains, and their structures have already been published at high-resolution, only the backbone is included for

these domains in our model. Side-chain orientations are included for the lever from the simulated data. The quality of the final model
Structure 32, 2316–2324.e1–e6, December 5, 2024 e3
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was assessed using MolProbity53 (Table S3). The fit of the model within the map was scored using the PDB atom inclusion scores

(Table S4).

Flexibility analysis
All flexibility analyses were performed on discretized representations of Myo5a S1. First the Isolde generated lever model (pre-simu-

lation) and the homology model of the motor were flexibly fit into each cryo-EM class with torsional and distance restraints applied

using Isolde.48 The fits of the models within the class maps were scored using the PDB atom inclusion scores (Table S4). A coarse-

grained representation of the conformation of Myo5a S1 was then defined by discretizing into 8 vectors (Figure 4A) drawn between

Ca atoms for the base (actin binding interface) (res 384 and 543), the converter (res 721 and 760), and CaMs 1-6 (res 137 and 64)

(Figure S6A).

There are several different ways in which the bending stiffness of the lever arm can be quantified. Treating the entire lever as acting

as a single spring, we can define an overall bending stiffness, kov that corresponds to the perpendicular force at the end of the lever

divided by the displacement at the end of the lever. This allows comparison with previous measurements of lever stiffness and is

therefore measured in units of pN nm-1. To look in more detail at where this flexibility arises, it is useful to also examine the local resis-

tance to bending: the flexural rigidity, EI, which can vary along the length of the lever. This is the ratio of the bending torque at that

particular location to the local rate of change of the orientation angle with respect to distance, s, along the lever and so has units of

pN nm2.

The general equation relating the local angle of deflection of the beam, q(s) to the moment, M(s) at this point is given by,

EI
vq

vs
= MðsÞ: (Equation 1)

If the lever is a cantilever clamped at s=0 and deflected by a perpendicular force Fsinqact at the end s=L, the moment is given by

Equation 2,

MðsÞ = F sin qactðL � sÞ : (Equation 2)

Thus, for a beam of uniform flexural rigidity, the bending stiffness is kov=3EI/L
3.

The overall bending stiffness of the entire lever was calculated using the variance in lever displacement from the mean. First, a

vector representing the lever was drawn between themidpoint of the converter, and themidpoint of CaM6 for all classes (Figure S5A).

The mean of these lever vectors was then used to define a new coordinate system with an origin at the midpoint of the converter

(Figure 3C) and the z-axis along themean direction of the lever (Figure S5A). The x and y axes in the perpendicular plane were defined

such that changes in y represented tilt motions (towards the F-actin longitudinal axis) and changes in x presented slew motions

(perpendicular to the F-actin axis). Thus, the y-axis was orthogonal to z, and the yz plane was parallel to the vector representing

F-actin (res 179 Ca atom of the 0th and 13th subunit of a model F-actin). The model of F-actin was made by fitting an actin subunit

from a previously published structure into the 0th and 13th subunit of our initial F-actin helical reconstruction (Figure S9C). Then for

each class, the distance, dc, in the xy plane between the end point of the lever vector and the end point of themean vector was calcu-

lated for each class (Figure S5). The variance in lever conformation was calculated using Equation 3,

s2
3D =

Pa
c = 1 ncd

2
cPa

c = 1

nc

; (Equation 3)

where nc is the number of particles in the class. This was done for the overall displacement, and for displacement in a particular di-

rection (tilt and slew, along the y- and x-axes respectively), to calculate the overall bending stiffness (Figure S5B) and the bending

stiffness in both directions (tilt/slew, Figure S5C).

From the principle of equipartition of energy,55 the overall cantilever bending stiffness (kov) can be calculated when no force is

applied using the observed variance in lever position caused by thermal fluctuation. This was calculated using Equation 3,

kov =
2kBT

s3D
2
; (Equation 4)

where kB = 1.38 x 10-23 NmK-1 (Boltzmann constant), T = 281 K (temperature used tomake EMgrids for actomyosin in Kelvin), L is the

mean length of the lever vectors (20.4 nm), and s3D
2 is the variance calculated from the overall displacement within the 2 degrees of

freedom. A factor of 2 is included in Equation 3 to account for the two degrees of freedom in bending along two perpendicular

directions.

We also calculated a separate directional cantilever bending stiffness (kdir,i) for displacements in the x and y directions separately

using Equation 5,

kdir;i =
kBT

si
2
; (Equation 5)

where si
2 are the variances calculated from the displacements in x or y.
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The Pearson’s correlation coefficient for a sample population was determined using Equation 5,

correlation =

Pa
c = 1 ncxcycffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPa
c = 1

x2c y
2
c

s ; (Equation 6)

where (xc, yc) is the displacement between the class and mean vector in the xy plane.

To estimate the error in the calculation of the cantilever bending stiffness we simulated the effect of uncertainties in lever position

caused by grouping of molecules into classes. Here we assume that the uncertainty of lever position within a class is of the same

order of magnitude as the difference in displacement between classes. Our procedure is as follows: the values for displacement

from themean of each class were sorted into ascending order. For each class, the difference in displacement between classes either

side of it were calculated, to give the potential errors in lever position. For classes with a single neighbour at the start or end of the list,

the bounds were ± the difference in displacement from their single neighbour. Then, for each class, a new lever position was calcu-

lated by choosing a random position within these bounds. The new randomly generated positions were used to calculate the un-

weighted variance using Equation 7,

lever variance =

Pa
c = 1 d

2
c

9
; (Equation 7)

where dc is the randomly generated displacement. Unlike for the cryo-EM conformations, the variance could not be weighted by par-

ticle class occupancy. This variance was then used to calculate the bending stiffness using Equation 4 for the overall bending stiff-

ness and Equation 5 for the directional bending stiffness in each direction. This process of generating randompositions was repeated

1000 times, generating a new estimate of the bending stiffness each time. The standard deviation of these randomly obtained

bending stiffnesses was quoted as the error.

To determine the local conformation of lever subdomains in each class, the 8 vectors representing Myo5a S1 were paired into 7

subdomains. Local material axes uvw were defined for each subdomain (Figures S6A–S6E), where the u axis is the vector between

the position vector of the midpoints of neighbouring subdomains and the v and w axes are in the orthogonal plane to u are defined

such that the first vector of the subdomain pair lies halfway between v and w (i.e. at an angle of 45�). The angles between the sub-

domain vector pairs were then calculated in each plane (vw, vu and wu), qvw = q, qvu = q1-q2, qwu = q3-q4 (Figures S6C–S6E and S7A–

S7C), the angles for q and q1-4 were taken from -90 to 90�. To determine if the distance between CaM interacting regions has an in-

fluence on the flexural rigidity, the distance between the Ca atoms of known interacting residues in the N- and C-lobe of consecutive

CaMs was calculated (Ser17 and Asn111, respectively) (Figure S7D).

To calculate the flexural rigidity of the subdomains (EI), we looked at the change of angle between the subdomain pairs with respect

to the distance between them. The variance (s2) in angle between subdomain vector pairs within the classes (weighted by the number

of particles in each class) was calculated in 3 orthogonal planes (vw, vu,wu) (Figures S6A–S7E and S7A–S7C). The variation in the vw

plane describes twist (torsion) (Figures S6C and S7C), and the vu and wu planes describe bending stiffness in 2 directions

(Figures S6D, S6E, S7A, and S7B). EIi in each plane was calculated using Equation 8,

EIi =
LsubkBT

s2
; (Equation 8)

where Lsub is the average length of the subdomain in the cryo-EM 3D classes (the distance between the position vector of the mid-

points of neighbouring subdomains, Table S5) and s2 is the variance in angle between subdomain vector pairs within the classes. The

flexural rigidity was calculated by averaging the values in the vu and wu plane.

To estimate the error in the calculation of the flexural rigidity we simulated the effect of uncertainties in lever subdomain confor-

mation caused by grouping of molecules into classes. Here we assume that the uncertainty of lever subdomain conformation within

a class is of the same order of magnitude as the difference in subdomain conformation between classes. For each subdomain, the

angles calculated between the vector pair in each class were sorted into ascending order. For each class, the difference in angle

between classes either side of it were calculated to give the potential errors in subdomain conformation. For classes with a single

neighbour at the start or end of the list, the bounds were ± the difference in subdomain angle from their single neighbour. The

new randomly generated conformations were used to calculate the unweighted variance (s2), which was used to calculate a flexural

rigidity using Equation 7. This process of generating random conformations was repeated 1000 times for each subdomain, gener-

ating a new estimate of the flexural rigidity each time. The standard deviation of these randomly obtained flexural rigidities was

quoted as the error.

The deflection of the lever end, D, from its average position when a force is applied to the end is given by,

D =
F sin qact

kov
: (Equation 9)

Here the perpendicular force is Fsinqact, where F is the force applied, and qact is the angle between the mean lever position and

F-actin (Figure S12A). As in optical trap studies, the force is parallel to the F-actin axis, and it was necessary to determine the deflec-

tion when an off-axis (not in the xy plane Figure 3C) force was imposed using Fsinqrig.
Structure 32, 2316–2324.e1–e6, December 5, 2024 e5



ll
OPEN ACCESS Article
The equivalent distance of the lever deflection along the F-actin axis was also determined using Equation 10,

deflection along actin = D sin qact; (Equation 10)

where D is the deflection in the xy plane Figure 3C.

For a cantilever of uniform flexural rigidity, EI, the deflection of the beam from its equilibrium position at a distance s from the fixed

end (the converter in our model) can be found from the solutions of Equations 1 and 2 and is given by Equation 11,

dðsÞ =
F sin qacts

2

6EI
ð3L � sÞ: (Equation 11)

Predicting the working stroke
The ensemble of lever conformations in the cryo-EM 3D classes were used to predict the working stroke of Myo5a S1. To determine

the distance the working stroke translates the end of the lever along F-actin longitudinal axis, a vector between the 0th and 13th sub-

unit (Ca, residue 179) of F-actin was calculated from an F-actin model (as above) (Figure S8). The lever models generated from each

cryo-EM class were superimposed onto the converter (699-750) of a pre-powerstroke (PDB: 4ZG432), and post-powerstroke ADP

bound structure (PDB: 7PM616) (Figure S8). As 4ZG4 is not actin bound, to model the motor bound in the ADP-Pi (pre-powerstroke)

state the L50 domain (residues 490-530) of 4ZG4 was superimposed with the actin interacting region of the L50 domain (residues

492-532) of 7PM6 (Figure S8), as the L50 domain interaction with F-actin is conserved between the ADP-Pi and ADP state.33 As

we do not have density for the CaM6 N-lobe in our Myo5a S1 map, but we believe it interacts with the heavy chain in the full-length

motor, we use the equivalent residue in IQ6 (res 912) to the last residue in IQ2 that CaM interacts with in the CaM bound IQ1-2 crystal

structure (PDB: 2IX731) as our lever end (Figure S8). Vectors were drawn between the lever end of each class model of the ADP-Pi

state to every other class model of the ADP state (Figures 5A and S8). The translation of the lever end along F-actin was calculated

using Equation 12,

distance along actin = Lstr cos qstr ; (Equation 12)

where Lstr is the magnitude of an ADP-Pi to ADP lever end vector and qstr is the angle between this vector and the F-actin axis (Fig-

ure S12B). This was then repeated to calculate theworking stroke from the ADP-Pi statemodels and our rigor models. The probability

of a combination of classes being paired was calculated by taking the probability of an individual class occurring, using the fraction of

particles in each class out of the total number of particles. The probabilities of each class in a pair were then multiplied to give the

probability of that combination of classes being paired.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data collection and processing were performed as described in the cryo-EM image processing section of method details

using RELION 3.1,42 MotionCor2,40 Gctf,41 and SPOC46 as detailed in the key resources table. The root mean square fluctuation of

each CaM across the pseudo-atomic model simulation was calculated using CPPTRAJ,36 and is displayed in Figure 2. Statistical

analysis of the pseudo-atomic model was performed using MolProbity53 as described in the cryo-EMmodel building and refinement

section of MethodDetails. The fit of themodels within themapswas scored using the PDB atom inclusion scores. Data collection and

refinement statistics are summarised in Tables S3 and S4 and Figure S9.

Pearson’s Correlation was used to determine the correlation between tilt and skew motions, details can be found in the Flexibility

analysis section of Method Details. The standard deviation of the random error was reported as the error for the overall bending stiff-

ness and flexural rigidity calculations, these values are reported in Figure 4, Table S1 and Figure S6, details can be found in the Flex-

ibility Analysis section of Method Details. The mean and the standard deviation of the subdomain conformations were calculated us-

ing the NumPy56 Python 357 library, and are reported in Figure S7.

Gaussian distributions were fit to the working stroke prediction data using the SciPy58 Python 357 library, displayed in Figure 5.

All graphs were plotted using Matplotlib.59
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