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INTRODUCTION
Members of the myosin superfamily perform a wide variety
of transport, assembly, anchoring, and signaling functions in
cells (1–29). They share conserved motor domains, usually
located at the N-terminus, that bind actin filaments, hydro-
lyze ATP, and convert the chemical energy into mechanical
work. Myosin motors have highly variable tail domains that
presumably are related to their localizations and functions in
the cell through specific binding to cargos and membrane
proteins (10–12,15,30–34). Processive myosin motors are
usually dimers whose tail domains are linked in a coiled-
coil (CC). Between the motor domain and the tail domain
is the so-called myosin neck or lever-arm domain, which
is generally believed to be involved in motor regulation
and/or to act as a lever that rotates or tilts to amplify
the angstrom-level conformational changes in the motor
domain to the nanometer-sized power-stroke motions. The
neck domain, or light chain domain (LCD), usually binds
calmodulin or calmodulin-like light chains (35) (both
termed CaM hereafter) at successive consensus motifs (IQ
domains (1)) in a relatively long a-helical segment of the
heavy chain. The length of the lever has often been assumed
to be determined by the number of IQ motifs and CaMs
bound in each myosin isoform. However, this assumption
has been challenged by many types of evidence that other
portions of the heavy chain exhibit mechanical stiffness
and also contribute to the power stroke. If the lever arm is
instead considered as the portion of a myosin motor that
corresponds to the mechanical segment that tilts during
the working stroke, it can be defined as a combination of
three regions: 1), the converter (the rotating subdomain at
the C-terminus of the motor domain); 2), the CaM-binding
LCD region; and 3), any segment of the heavy chain
between LCD and the CC, if that segment is stiff (36).

Unconventional myosins have been categorized into
more than 30 distinct classes (5,14,16,37). Their structure,
function, and regulation have been described and reviewed
extensively (1–10,12–17,20–29,33,37–50). In the best
studied of these myosins, the neck regions of the motor
have properties consistent with their function as lever
arms: they tilt back and forth between two main orientations
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during stepping (51–56), the step size and velocity of
motility depend on the length of the neck (40,47,57–60),
and in constructs attached to artificial neck regions, the
direction of motion depends on the orientation of the artifi-
cial attachment (61). In this mini-review, we consider the
specialized lever-arm structures of three myosins (myosins
V, VI, and X) and the impact these structures have on the
stepping characteristics and functions of these myosins.
We focus here on the role of the neck regions as mechanical
lever arms, although they are also involved in regulating
motility (45,62) and (possibly) sensing tension (42,49,63–
65). For myosins VI and X, there are open research
questions regarding the length and composition of the lever
arms and the consequent implications for their paths,
angular motions, and processivity.
PUZZLES ABOUT THE DISCREPANCY BETWEEN
THE LEVER-ARM LENGTH AND STEP SIZE
OF MYOSIN MOTORS

Myosin motors bind actin, and many of them translocate
along actin filaments processively (i.e., they take several
steps per diffusional encounter). An actin filament has
a polar structure with barbed (plus) and pointed (minus)
ends. The right-handed, double-helical structure of actin
filaments with a pitch of ~72 nm or 26–28 actin subunits,
and half-pitch of ~36 nm or 13 subunits, allows the myosin
motors to take different paths—straight, wiggly, or spiral—
depending on the distributions of their step sizes.

Different myosin classes, including myosins V, VI, and X,
have different numbers of IQ domains and CaMs bound.
Myosin V, which is by far the best-known processive cargo
transporter and most-studied nonmuscle myosin motor, has
six IQ motifs and six CaMs bound per heavy chain (Fig. 1
a). Myosin VI, which moves in the opposite direction
(toward the minus end of actin) with respect to other myosin
motors, has two CaMs per heavy chain—one bound to an IQ
motif and one bound to a unique sequence termed Insert 2
(Fig. 1 b). Myosin X, which is specialized for transport on
actin filaments and bundles, has three IQ-bound CaMs per
heavy chain (Fig. 1 c). Although it is established that tail
domains play a major role in regulating myosin motility
(50,66,67), many single-molecule studies using truncated
myosin constructs have shown that myosin motility is also
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FIGURE 1 Schematic diagram of myosins V, VI, and X without their

cargo-binding domains. (a) Chicken myosin V has six IQ motifs that

bind CaMs or CaM-like light chains (35) and serve as lever arms. The

coiled-coil (CC) domains dimerize two myosin V monomers to facilitate

the hand-over-hand stepping mechanism. (b) Myosin VI has a special

segment (Insert 2) that also binds CaM and turns the lever arm in the oppo-

site direction from other myosin motors. Its proximal tail (PT, orange) is

a triple a-helix bundle (TAHB), and its medial tail (MT, blue) is a stable

single a-helix (SAH), both of which have been suggested to be involved

in extension of the lever-arm and heavy-chain dimerization. (c) Myosin

X has three IQ motifs. Its PT (orange) and MT (blue) domains have been

suggested to form SAHs and act as part of the lever arm.
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strongly dependent on the structures of their particular lever
arms (36,40,44,57–60,68,69). Therefore, differential regula-
tion of myosin functions in the cell may be a cooperative
process involving both the tail and lever-arm domains.

Several single-molecule techniques, such as optical traps
(68,70–76), and fluorescence methods with amusing acro-
nyms, such as FIONA (56,77–81), SHREC (82), and
SHRImP (83), have been developed to characterize the
motility of processive myosin motors as they walk along
their actin tracks, revealing the center-of-mass step size
as well as the kinetic rates of actomyosin interaction (see
Table 1). It must be noted that due to different experimental
conditions, such as the myosin construction (particularly
the dimerization sequence), method of actin attachment,
temperature, ATP concentration, salt concentration, and
buffer pH, some values of motility parameters are highly
variable among studies. Therefore, one should use caution
when comparing them across studies. A systematic compar-
ison of the processive myosin motors is needed. It has been
shown that myosins V, VI, and X all step processively hand-
over-hand along actin filaments (51,54–56,77–80,82,83).
They are capable of taking similar step sizes (~34–36 nm;
Table 1) even though the IQ-bound CaM-containing
sections of their lever arms have different lengths (Fig. 1).
Therefore, it is particularly intriguing to consider how
they achieve their processive motility and step sizes in
spite of this rather large variability. As shown in Fig. 2a,
for instance, myosin V has an average 36 nm step size,
which suggests a nearly 90� angle between the two lever
arms (lever-arm length ¼ converter þ 6 IQ ¼ 26 nm)
without a further heavy chain component. This geometry
Biophysical Journal 101(1) 1–11
is consistent with the direct visualization of myosin V on
actin filaments by electron microscopy (60,84) and scanning
probe microscopy (85). It also implies that the two heads
of myosin V can span across the 36 nm helical half-pitch
of actin filaments, and the molecule can follow relatively
straight paths along the filament (Fig. 2 a). Myosin V has
also been shown to intermittently exhibit lever-arm tilts
and actin subunit shifts without taking full steps, and sudden
azimuthal (sideways) steps (53,85).

Myosin VI and myosin X have much shorter LCDs than
myosin V (Fig. 2), although both have been shown to
step hand-over-hand along actin filaments like myosin V
(56,77,78,80,82,83). For myosin VI, a recent study with
high-temporal-resolution tracking of fluorescent markers
supplemented the simple model of hand-over-hand stepping
with amixture of hand-over-hand and inchworm-likemotions
that depend on the load and ADP concentration (75). When
they take hand-over-hand motions, and both heads are bound
on the actin filament, the LCDs of both myosins VI and X are
too short to span their average step sizes. In other words,
myosins VI and X should have additional lever-arm compo-
nents to achieve the measured hand-over-hand step sizes.
Sequence analysis and biophysical characterization led to
the prediction that the proximal tail (PT) and medial tail
(MT) domains of myosin X (~120 residues; Fig. 1 c) do not
dimerize into a CC, but form stable single a-helices (SAHs)
(86) (Fig. 2 b). The sequence is particularly rich in glutamic
acid (E), arginine (R), and lysine (K) residues that form stabi-
lizing salt bridges outside of the a-helix (86,87). This ERK
region was shown experimentally to serve as a mechanical
lever with a persistence length of ~10 nm (36). The persis-
tence length is a measure of the bending stiffness of a rod or
linear polymer chain (43).

The conformation of the myosin VI lever arm is still under
debate (87–89). Mukherjea et al. (88) suggested that the
PT domain of myosin VI (~80 residues; orange band in
Fig. 1 b) contains a triple a-helical bundle (TAHB) that
unfolds to serve as a portion of the lever arm when triggered
by myosin VI dimerization (Fig. 2 c). In contrast, Spink et al.
(87) argued that the TAHB remains folded as a portion of the
lever arm, and that the main contributor of extended length is
the MT domain (~70 residues; blue band in Figs. 1 b and 2, c
and d), which forms a stable SAH like the one in myosin X.
These two postulated lever-arm structures are expected to
have different stepping characteristics, as explained below.
STEP SIZES INDICATE DIFFERENT LEVER-ARM
STIFFNESS VALUES FOR THE THREE MYOSIN
MOTORS

The stiffness against bending of a lever arm is given
by (43)

k ¼ 3EI

L3
¼ 3lpkBT

L3
; (1)



TABLE 1 Motility measurements of myosins V, VI, and X

Myosin Step size (nm) Run length (mm) Vmax (nm/s) Pn 2Da (degree)

Helical path

handedness Helical pitch (mm)

V 73.8* 5 5.3 (77) 0.85 (56) (1 ATP, 25 KCl) 453 (51) (25 KCl) 18–35 0.5 5 29.1 (54) Left (104) 1.7 5 0.6 (104)

37.5 5 6.2 (79) 0.66 (93) (2 ATP, 25 KCl) 330 (93) (25 KCl)

35.0 5 8.9 (111)

(2 ATP)

2.2 (113) (in vivo) 710 (113) (in vivo)

37.0 5 10.3 (111)

(0.01 ATP)

1.3 (113) (in vitro) 500 (113) (in vitro)

40.2 5 6.4 (112) 1.3 (114) (1 ATP, 25 KCl) 380 (114) (25 KCl)

37.0 5 2.0 (113)

(in vivo)

0.8 (114) (1 ATP, 100 KCl) 550 (114) (100 KCl)

VI 63.3* 5 16.7 (78)

eGFP on N-term

0.78 (65) (0.1 ATP, 25 KCl) 7–31 �0.5 5 54.7 (54) Right (54) 1.3 5 0.5 (54, 104)

70* 5 23 (80) 0.44 (65) (2 ATP, 25 KCl)

55.2* 5 17.2 (31)

(wild-type)

0.28 (80) (0.04 ATP, 25 KCl) 288 (54) (25 KCl)

30 5 12 (115) 0.55 (98) (2 ATP, 25 KCl) 291 (115) (25 KCl)

38 5 16 (116)

(wild -type)

1.10 (31) (1 ATP, 50 KCl) 550 (116) (25 KCl)

0.23 (115) (2 ATP, 25 KCl)

0.24 (116) (5 ATP, 25 KCl)

X 68* 5 8.4 (56) 1.09 (56) (0.5 ATP, 25 KCl) 235 (56) (25 KCl) 10–32 3.4 5 30.0 (56) Left (56, 105) 1.0 5 0.5 (56)

16.4 5 1.8 (94)

on single actin

0.82 (56) (2 ATP, 25 KCl) 330 (93) (25 KCl)

on single actin

17.5 5 1.9 (94)

on bundled actin

0.17 (93) (2 ATP, 25 KCl)

on single actin

340 (93) (25 KCl)

on bundled actin

0.63 (93) (2 ATP, 25 KCl)

on bundled actin

578 (117) (in vivo)

Pn is the processivity number (run length/step size). Note that some values (e.g., run length and Vmax) are highly variable among studies, probably due to

different experimental conditions such as myosin constructs, actin attachment, temperature, [ATP], [salt], and pH. The values given here are examples. ATP

and KCl values are in mM units. Step sizes marked with asterisks are from myosin molecules labeled near or on the motor domain, and therefore should be

halved to estimate the step size of the center of mass.
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where E is the Young’s modulus, I is the moment of inertia
(a measure of the radial distribution of material), L is the
lever-arm length, lp is the persistence length, kB is Boltz-
mann’s constant, and T is the temperature. The persistence
lengths are very different for the LCD and other portions
of the lever arm. The following persistence lengths have
FIGURE 2 Models of myosin V, VI, and X lever arms.

(a) Myosin V has six CaMs bound to IQ motifs that

form its lever arm. (b) Myosin X is thought to use its PT

and MT domains as stiff SAHs to extend its short LCD

and form a longer lever arm. (c and d) The myosin VI lever

arm may contain (c) an unfolded TAHB in the PT domain

(88) or (d) mainly a stable SAH in the MT domain (87).

Biophysical Journal 101(1) 1–11



4 Sun and Goldman
been estimated or measured: lp ¼ 150 nm for a group of
successive IQ motifs stabilized by CaMs (69), lp ¼ 1 nm
for unfolded triple a-helices linked by flexible coils (90),
and lp ¼ 10 nm for an ERK-stabilized SAH (87). In some
cases, there are kinks in a SAH domain, which would lower
its persistence length. In a two-head, actin-bound state, the
intramolecular strain of a myosin motor is a function of
the head-to-head distance and azimuthal shifts on the
double-helical actin filament. Although other regions of
the myosin head, such as the converter domain (91) and
other pliant sections (41,54–56), likely contribute to the
flexibility, the amount of lever-arm bending provides a lower
limit on the range of actin subunits that are energetically
favorable for two-headed binding.

Vilfan (69) and Lan and Sun (90) used an elastic lever-
arm model and a worm-like chain model to quantify the
mechanical energetic cost of spanning various distances
for myosin Vand VI, as shown in Fig. 3 a (90). The a-helix
stabilized by six CaMs of the myosin V lever arm, modeled
as an elastic rod, has a much sharper variation of free energy
with interhead distance compared with myosin VI, which
contains a much floppier lever-arm extension (Fig. 3 a).
The modeled free-energy changes of myosin V and VI
with distance are consistent with their measured step-size
distributions (Fig. 3 b) considering that the distribution of
distances should be a narrower exponential function of the
free energy. Thus, a flexible lever arm or other pliant regions
allows a myosin motor head to choose multiple actin sites to
bind (i.e., a more variable step size) without dramatically
increasing the intramolecular strain and free energy.

Among the three motors, myosin V, with the most-rigid
lever arms, shows the tightest step-size distribution, indi-
cating a regular manner of stepping, mainly spanning 11,
13, and 15 actin subunits, consistent with electron micros-
copy studies (60,84). The lever arm of myosin X, including
the postulated stable a-helical PT domain (86), should
have about half the bending stiffness of myosin V
(Fig. 2 b). This is consistent with the slightly wider step-
size distribution of myosin X (Fig. 3 b). A recent experi-
ment (92) demonstrated the importance of the SAH
domain for myosin X processivity. The motor, lever, and
tail domains were swapped between myosin V and myo-
Biophysical Journal 101(1) 1–11
sinX. A chimera with a myosin V tail and myosin X lever
arm, but without the SAH, was not motile with either type
of motor domain.

Myosin VI shows much more variability of step sizes than
myosin Vand X (Fig. 3 b and Table 1), suggesting that it has
even lower stiffness than a SAH. Rather, the much broader
step-size distribution of myosin VI supports the argument
that the lever-arm portion between the LCD and the CC is
an unfolded TAHB with flexible linkers in between its
segments, and with only ~1/20 of myosin V’s bending stiff-
ness (Fig. 2 c). A similar conclusion follows from angular
measurements on the myosin lever arms, as discussed
below. Although the experimental conditions vary among
the entries in Table 1, measurements of the step size are
generally much more consistent than those of run length
or Vmax. Therefore, we accept the consensus that myosin
VI takes more-variable steps than the other two motors.

Given the dramatic difference in the lever-arm structure
and flexibility, it is surprising to see that the three myosin
motors have processivity values (i.e., successive steps per
diffusional encounter, which are often quantified as run
length/step size) that are in the same general range of
10–30 (Table 1). One possible explanation for this observa-
tion is that mechanochemical coordination between the
two heads, a key to most models of processive stepping,
is more impaired by off-axis strain. It has been shown
that myosin V constructs with truncated lever arms move
much less processively than those with full-length lever
arms because the truncated motor takes shorter steps
(57,59,76), necessitating binding on the side of the actin
filament and possibly causing large off-axis intramolecular
strain.

Myosin X has been found to localize primarily in filopo-
dia, which are protrusive cellular structures that contain
bundled actin filaments. Several recent studies (93,94)
reported that myosin X preferentially selects bundled actins
for motility and shows poor processivity on single filaments.
This selectivity was attributed to the short, 3-CaM lever arm
of myosin X, and a straddle mechanism was proposed
whereby the two heads of a myosin X molecule necessarily
track along two adjacent actin filaments. The improved
processivity on filament bundles was attributed to the
FIGURE 3 Step-size distributions are in accor-

dance with the lever-arm flexibilities of myosin

motors. (a) The elastic energy difference (DE) of

myosins V and VI as a function of head-head

distance in the two-head bound state on an actin

filament (modified from Lan and Sun (90)). (b)

Step-size distributions of myosins V (adapted

from Yildiz et al. (77)), VI (adapted from Fig. 4

of Ökten et al. (80)), and X (from Sun et al.

(56)). Step sizes are listed as mean 5 SD. Note

that the step sizes plotted correspond to the motion

of the labeled CaM nearest the motor domain, so

the distances are twice that of the motor’s center

of mass.



Biophysical Reviews 5
reduced energetic cost of binding to two favorably oriented
actins on adjacent filaments relative to sites on a single fila-
ment, given the short lever arms. However, in cells, myosin
X was found to move on both actin bundles (93) and
filaments that are not tightly bundled (18,19,95). Another
recent study, using similar myosin X constructs in vitro,
showed robust processivity on both individual and bundled
actin filaments (56). Localization measurements with
nanometer resolution showed that the step size of myosin
X on single actin filaments is 34 nm (Fig. 3 b), contrasting
with the results of Nagy et al. (93) and supporting the
hypothesis that the SAH is a part of the lever arm (86).

The myosin X constructs used by Sun et al. (56) and
Nagy et al. (93) were very similar except for the dimeriza-
tion sequences (GCN4 leucine zipper (93) and Myo5 CC
(56)) and truncation points (residue 920 (93) and residue
939 (56); see Fig. 1 c). Residue 920 is in the MT (blue
band in Fig. 1 c), which may be part of the lever arm
(86). It is possible that truncation at residue 920 causes
an unstable domain structure that diminishes gating within
myosin X, or that a leucine zipper decreases the flexibility
of the neck, inhibiting the search for appropriate actin
binding and thus reducing the observed processivity.
Myosin X moves more slowly on bundled actin filaments,
and shows smaller and more-variable step sizes than it
exhibits on single actin filaments (56), which suggests
that myosin X switches onto adjacent actin filaments
somewhat randomly, in contrast to the more predictable
mandatory straddle mechanism suggested by Nagy et al.
(93). Although the myosin X used by Sun et al. (56), arti-
ficially dimerized with Myo5 CC (M10HMM-M5CC),
localizes to the tips of filopodia (18), the native tail of
myosin X seems to be necessary for it to take part in
forming stable and long filopodia (M. Ikebe, University
of Massachusetts Medical School, personal communica-
tion, 2011).
LEVER-ARM TILT ANGLES ALSO VARY WITH
STIFFNESS IN THE THREE MYOSINS

The double-helical nature of actin filaments and the vari-
ability of step sizes imply that the myosin lever arms explore
various orientations along the actin filament (the axial
angle) and around it (the azimuthal angle). Given the
different effective lever-arm stiffness values, the three
myosin motors should demonstrate different azimuthal vari-
ations when their heads are bound to two azimuthally vari-
able actin subunits. A few single-molecule techniques,
including polarized total internal reflection fluorescence
(polTIRF) (51,54,56,96) and defocused orientation and
position imaging (DOPI) (52,55), have been used to investi-
gate these lever-arm rotational motions.

In rotational measurements on myosin motors, a bifunc-
tional fluorophore is usually coupled to CaM through two
linkers to limit rotation of the fluorescent probe relative to
the protein. By modulating calcium concentration, a labeled
CaM subunit is exchanged for an endogenous CaM so that
angular changes of the probe report the rotational motions
of the lever arm. The probe orientation can be defined by
the axial angle, bP, and the azimuthal angle, aP, relative to
the actin filament track (Fig. 4 d). The axial angle (bP) distri-
butions for CaM probes on myosins V, VI, and X (Fig. 4) all
show two distinct peaks, showing that the labeled lever arms
populate two states (leading and trailing positions) during
motility, as expected for the hand-over-hand model. In all
three cases, the bP angles are measured from the axis of
actin in the direction of travel, so the peak at higher angle
is assigned to the leading head and at lower angle to the
trailing head. One aspect of the bP distribution for myosin
VI, however, shows a distinct difference. The bP angle of
the leading lever arm (<bP.Lead> ¼ 117�; Fig. 4 b) is signif-
icantly more variable than that of the trailing arm. This
observation is consistent with the higher variance of position
FIGURE 4 Axial angle bP distributions of (a)

myosin V (54), (b) myosin VI (54), and (c) myosin

X (56) during processive motility. (d) Definitions

of probe axial angle, bP, and azimuthal angle, aP,

relative to the actin. (e and f) Myosin VI exhibits

variability of stepping distance, leading-head actin

position, and leading-lever-arm angle, suggesting

a pliant region near the lever-head junction (dark

blue ovals). bP.Lead ¼ 122 5 29�,117 5 27�, and
135 5 28� for myosin V (a), VI (b), and X (c),

respectively. bP.Trail ¼ 49 5 29�, 56 5 17�, and
42 5 27� for myosin V (a), VI (b), and X (c),

respectively (mean 5 SD). Note that for myosin

VI, the axial angle distribution of the leading

head is wider than that of the trailing head. Also

note that the SD of the myosin VI trailing-head

distribution (at 56�) is significantly narrower than

those of myosin V and X, perhaps because of its

unique single exchangeable CaM per head.

Biophysical Journal 101(1) 1–11
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for the leading head of myosin VI compared with that of the
trailing head (78) that follows from the high flexibility of
myosin VI. Given that the bifunctional probe has a fixed
angle relative to the myosin lever arm it is on, a coordinate
transformation can be used to calculate the lever-arm angle
from the measured probe angle. Myosin VI lever-arm angles
deduced from the probe angles in Fig. 4 b indicate that
the lever arm generally rotates ~180� (from 0� to 180�)
(54,55,74), which can be accommodated with either of the
myosin VI models shown in Fig. 2, c and d.

Adjacent subunits on the long-pitch helix of actin differ
from each other in azimuthal orientation by ~28�. Thus, the
variable step size and interhead distance imply a variable
azimuthal angle of themotor domain bound stereospecifically
to the actin. The implications of the extra variability of the
leading lever-arm position and angle in myosin VI are indi-
cated in Fig. 4, e and f. The light blue pear-shaped motor
domains represent the trailing head, and the red ones show
the leading head at different distances. At lowATP concentra-
tion (e.g., 150 mM for a polTIRF experiment), ATP binding is
the rate-limiting step and the trailing head is mostly nucleo-
tide-free. According to the crystal structure of apo-myosin
VI (97), the trailing lever arm is nearly parallel to the actinfila-
ment. The leading head probably releases Pi rapidly (98) and
contains ADP (indicated by D in Fig. 4, e and f) (99) or it may
be empty (97), so its untethered (zero-stress) position is also
parallel to actin facing forward (faint green balls and faint
orange spring in Fig. 4 e, left). However, it is tethered to the
trailing head and thus cannot adopt its untethered position.
Rather, the leading lever armmust adopt different orientations
when its head binds at various interhead distances. The vari-
ability of the leading-head lever-arm angle is due, on the
one hand, to the highly flexible lever arms that allow binding
to multiple actin sites, and on the other hand suggests a
pliant region between the fluorescent probe on the 2nd CaM
and the motor domain. The pliant joint is probably near the
converter domain (the dark blue segments in Fig. 4, e and f).
We used the term ‘‘wiggly’’ (54) to describe the erratic side-
to-side motions of myosin VI during motility, as measured
using polTIRF and implied by its variable step size (78).

Reifenberger et al. (55) recently measured lever-arm
angles of myosin VI using DOPI, and their results suggest
that myosin VI takes nearly constant step sizes and 180�

rotations of its lever arm. These results are inconsistent
with the broad step-size distribution of myosin VI previ-
ously reported in several studies (68,78,80,83) (Fig. 3 b),
as well as the different widths of bP angle distributions of
its leading and trailing heads (Fig. 4 b). Reifenberger
et al. (55) pointed out that the 180� position of the
leading-head lever arm is compatible with the pre-power-
stroke x-ray crystal structure containing ADP and a phos-
phate analog (99). However, phosphate and (possibly)
ADP are both released rapidly from the leading head upon
binding to actin (98), so the crystal structure with phosphate
bound is not likely to represent the leading lever arm during
Biophysical Journal 101(1) 1–11
motility (for a further discussion of this point, see Dunn
et al. (65)). Further differences between the studies by Sun
et al. (54) and Reifenberger et al. (55) regarding myosin
VI tilting are discussed by Sun et al. (100,101). However,
in both of these studies the authors concluded that the lever
arm of the leading head is mechanically uncoupled partially
(54) or completely (55) from the motor domain at a pliant
region at the base of the lever arm (Fig. 4, e and f).

The azimuthal angle, aP (Fig. 4 d), also indicates differ-
ences among the three myosin motors. If the motor walks
straight along an actin filament during hand-over-hand step-
ping, the probe angle returns to its original orientation every
other step. This behavior depends on the axial angle, bP,
returning to the original value after two steps, but is inde-
pendent of the (usually unknown) local probe angle relative
to the lever arm (54,56). Therefore, the calculated difference
of aP after two steps, termed 2Da, can be used to indicate the
regularity of myosin’s stepping path. The 2Da values for
myosin VI have a much broader distribution than those of
myosin V and X (Fig. 5). This clear difference between
the motors provides strong support for the notion that
myosin VI has high structural flexibility and walks azimuth-
ally wiggly on actin filaments (54).
MYOSIN MOTORS WALK SPIRALLY ALONG
ACTIN FILAMENTS IN LONG RUNS

Given the double-helical structure of actin filaments, it is not
surprising to find that myosin motors can adopt a helical
path when actin filaments are supported away from a hard
surface. Several different types of experiments have enabled
observation of these spiral paths (54,56,94,102–105)
(Fig. 6). Ali et al. (102,103) attached bead duplexes to single
myosin V and VI motors and watched their unconstrained
motion along actin filaments suspended between pedestal
beads (Fig. 6 a). They found that myosin V walks in a
left-handed helical path with a pitch of ~2.2 mm, and myosin
VI molecules mostly walk straight, but a small fraction
follow a right-handed helical path, also with pitch ~2.2 mm.
A gliding filament twirling assay was used to study the
spiral motion of myosins II, V, and VI (54,104) (Fig. 6 b),
and the results showed that all three of these motors twirl
actin filaments about their axis during motility, with myosin
II and V spiraling to the left, and myosin VI spiraling to the
right. The helical paths are geometrical consequences of the
step sizes of the motors, quantized by the actin subunit
positions, and the resulting helical arrangement of the acto-
myosin-binding sites along the filament. Thus, the opposite
handedness of myosin VI is not caused by its unusual
motion toward the pointed end of actin, but rather is due
to its difference in step sizes.

The values of step size listed in Table 1 are generally
shorter for myosin VI and X than for myosin V. These values
were all measured with actin firmly attached to a glass
surface, presumably restricting the subunits available for



FIGURE 5 2Da distributions of myosin V (54), myosin VI (54), and myosin X (56). The lever arm alternates between leading and trailing positions, and

returns to its original state after two transitions. Because the relative orientation between the probe and labeled lever arm is fixed, the measured azimuthal

change of the probe after two steps, termed 2Da, should be same as the azimuthal change of the lever arm irrespective of the relative angle between the probe

and lever arm. When 2Da is zero or small, the molecule is walking overall straight along the axis of actin, and the SD of its 2Da distribution denotes the

regularity of the myosin stepping.
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myosin binding, and thus cannot be directly related to the
handedness of motion on a freely suspended filament. The
differences in the average step sizes, as well as the variance,
can reflect whether a motor steps more often to the right side
or the left side of the actin, leading to a long-range right- or
left-handed helical path. Surprisingly, surface attachment of
actin filaments does not noticeably reduce the run length
compared with that on suspended actin filaments, at least
for myosin X (56). The motors have flexibility in their step-
ping pattern so that they can walk straight on surface-
attached actin, and the helical path is not obligatory.

In two other assays, myosin X was also found to follow
a left-handed helical path with pitch ~1 mm (56,105).
Typical three-dimensional (3D) tracks of quantum dots
(QDs) labeling myosin X at different locations on the mole-
cule show left-handed helical paths. The radius of the
helix increases when the QD is moved from the lever arm
(Fig. 6 c) to the C-terminus of the construct (Fig. 6 d)
FIGURE 6 Myosin motors walk spirally around

actin filaments. (a) Duplex bead assays show that

myosins move along suspended actin filaments

either straight or on a left-handed (myosin V

(102)) or right-handed (myosin VI (103)) helical

path. The duplex beads attached to the C-terminus

are much bigger than depicted. (b) A gliding fila-

ment twirling assay shows spiral motion of

myosins II, V, and VI (54,104). (c–e) 3D single-

molecule nanometer tracking on suspended actin

filaments shows the helical path of QD-labeled

myosin X molecules (56). QD655 is bound to

a lever-arm CaM in panel c, and to the C-terminus

of myosin X in panels d and e. The molecules walk

on single suspended actin filaments in panels c

and d, and on a suspended fascin-actin bundle in

panel e.

Biophysical Journal 101(1) 1–11
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and again when the molecule translocates on a larger-
diameter structure, ~10 filaments bundled together by fascin
(Fig. 6 e). However, there are clear discrepancies between
measured (blue bars in Fig. 6, c–e) and predicted (cartoons)
helical path radii, suggesting that although myosin X has
much more rigid lever arms than myosin VI, there are also
some pliant regions in its structure, possibly near the junc-
tion between the lever arm and the tail (56). It should be
noted, though, that a different construct, presumably more
rigid, apparently follows a right-handed helical path with
a much shorter pitch (94).
SPECULATIONS ON THE FUNCTIONAL
RELEVANCE OF MYOSIN STRUCTURAL
FLEXIBILITY

Myosin VI and X have flexible portions in their lever arms,
and there may be other pliant regions near the converter
domain or the lever-arm/tail junction. All three myosin
motors take helical paths around actin filaments, although
they can walk straight if the helical route is blocked. How
are these features of the three myosin motors related to their
functions in the cell?

To compare them, it is useful to consider all three motors
in the same picture (Fig. 7). Myosin V has been found to
be a proficient cargo transporter in lamellipodia, where
cargos are switched from microtubules to actin tracks and
transported toward the cell periphery. Myosin VI and X
are found to transport cargos in actin-bundle rich structures,
such as microvilli (9) and filopodia (12), where the filaments
are much more crowded than they are in lamellipodia.
For many of the myosins, structural flexibility, especially
at their lever-arm/tail junctions, allows motor autoregula-
tion by interactions between the head and tail domains
(32,48,50,66,67,106–108). Both myosin VI and X exhibit
proximity-triggered dimerization (31,56,109). It has been
proposed that in cells, compact monomer states would facil-
itate diffusion of deactivated myosins VI and X to sites of
dimerization and derepression (110).

The flexible lever arms of myosin VI and X can probably
help them navigate actively through crowded environments
as well. Because the actin tracks in microvilli and filopodia
Biophysical Journal 101(1) 1–11
are bundled filaments, flexible lever arms should facilitate
the motility of myosins VI and X when they need to switch
onto nearby actin filaments or straddle along neighboring
filaments. Myosins VI and X have also been found to act
as tethers to maintain the morphology of the Golgi appa-
ratus (11) and mitotic spindle (95), respectively. Their
structural flexibility may help them adapt better as tethering
struts by facilitating linkage between two separate fila-
ments. Myosin X is involved in initiating the formation of
filopodial actin bundles (18), possibly by pulling actin fila-
ments together at the cell periphery. The semiflexible nature
of the SAH domains and tail may allow myosin X to stretch,
span across, and pull multiple actin filaments into bundles
at the base of a filopodium. In addition, some myosin
motors have been found to be force or strain sensors
(42,49,63–65). The different levels of structural flexibility
generated by the various types of lever-arm components
may enable myosins to sense strain at different amounts
of deflections or to detect force with sensitivities tuned to
their specific roles.

It is also intriguing to consider that all three myosin
motors can adopt helical paths around their filament tracks
even though a straight path would generate more transport
distance per expenditure of energy. The seemingly ineffi-
cient helical paths may be indispensible for fulfilling
the functions of myosin motors. Helical paths, as well as
wiggly stepping (such as for myosin VI), may help myosin
motors pass around obstacles on their actin tracks. Helical
paths are spatially advantageous because they provide
a full 3D search range for the motors to find specific docking
or unloading sites (Fig. 7, right). The target sites for myosin
motors and their associated cargos have specific spatial
distributions. For instance, many are membrane receptor
proteins (e.g., integrins) on the ventral side of the cell, in
which case a motor moving straight along the dorsal side
would forfeit accurate delivery. It is thus conceivable that
the spiral motion of a myosin X molecule carrying integrins,
growth factor receptors, or other cargos into a filopodium
would ensure the location of a substrate delivery site. It
has been proposed for neural growth cones that the helical
path of myosin may twist actin and thereby help to steer
the growing neurone (118).
FIGURE 7 Three myosin motors have distinct

cellular functions and localizations. (Left) Myosin

V transports cargos from microtubule tracks to

actin tracks. Myosins VI and X transport cargos

in actin-bundle-rich structures such as microvilli

and filopodia, which have a more crowded cellular

environment than lamellipodia. (Right) Spiral

paths allow myosin motors to pass around obsta-

cles along the actin track and search for their target

partners (yellow) over circumferentially broader

regions.
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SUMMARY

In this work, we compared myosins V, VI, and X from the
perspective of the flexibility of their lever arms. Current
data from various types of experiments suggest that both
myosin VI and myosin X use flexible extensions to their
CaM LCDs to facilitate their processive motility along
actin filaments. This structural flexibility may be necessary
for myosin motors to perform cellular functions such as
tethering, force sensing, and navigating through crowded
cellular spaces as processive transporters.
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