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ABSTRACT We have studied the shape of myosin VI, the actin minus-end directed motor, by negative stain and metal shadow
electron microscopy. Single particle processing was used to make two-dimensional averages of the stain images, which greatly
increases the clarity and allows detailed comparisons with crystal structures. A total of 169,964 particle images were obtained
from two different constructs in six different states (four nucleotide states and with and without Ca2þ). The shape of truncated
apo myosin VI was very similar to the apo crystal structure, with the lever arm bent strongly backward and around the motor
domain. In the full-length molecule, the C-terminal part of the tail has an additional bend taking it back across the motor domain,
which may reflect a regulated state. Addition of ATP, ADP, or ATP-gS resulted in a large change, straightening the molecule
from the bent shape and swinging the lever by ~140�. Although these nucleotides would not be expected to produce the pre-
powerstroke state, myosin VI in their presence was most similar to the truncated crystal structure with bound ADP-VO4, which
is thought to show the pre-powerstroke shape. The nucleotide data were therefore substantially different from expectation based
on crystal structures. The full-length molecule was almost completely monomeric; only ~1% were dimers, joined through the
ends of the tail. Addition of calcium ions appeared to result in release of the second calmodulin light chain. In negatively stained
molecules there was little indication of extended a-helical structure in the tail, but molecules viewed by metal shadowing had
a tail ~3� longer, 29 vs. 9 nm, part of which is likely to be a single a-helix.
INTRODUCTION
The myosin VI molecular motor is ubiquitous in eukaryotes
and is involved in a wide variety of important cellular
processes, including oogenesis, spermatogenesis, hearing,
and secretion. Myosin VI is unique in being the only myosin
of the 40 or so now known in humans that walks towards the
pointed end of actin filaments, in the opposite direction to all
the other myosins so far studied. Myosin VI consists of
a motor domain, a lever arm, and a helical tail region ending
in a C-terminal cargo-binding domain. The cargo domain
binds a wide range of adaptor proteins that mediate the
diverse functions of myosin VI. Several crystal structures
of myosin VI have been solved in different long-lived nucle-
otide states, using constructs truncated after the lever arm
(subfragment 1, or S1) or with only the motor domain
present (1–3). These structures, together with single mole-
cule data (4,5), show that reverse movement is achieved by
a 53-residue unique sequence called Insert 2 (aa 761–813)
present after the converter region of the motor domain;
this redirects the lever arm through ~120�, although the
details of the reverse mechanism are not fully understood.
Also unique to myosin VI is a sequence, Insert 1 (aa 276–
297), near the nucleotide binding site that reduces the rate
of ATP binding >10-fold compared to other myosins (6).

Myosin VI is also unusual in having an exceptionally
large powerstroke considering the length of its lever arm
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(7,8). The sequence of the lever shows a single IQ motif,
which suggested only one calmodulin would be bound.
Although a second calmodulin was subsequently found
associated with Insert 2 (9), the working stroke is much
larger than expected for a lever with only two calmodulins:
the powerstroke is ~18 nm, whereas myosin II, which also
has two light chains, has only a ~5 nm step (10).

Initial analysis of the sequence of the myosin VI tail
showed regions of heptad repeats of hydrophobic residues,
which suggested that the molecule would dimerize by form-
ing a coiled-coil a-helix (11). As a consequence of this
presumed dimerization, many articles have appeared on
the properties of myosin VI artificially dimerized by inclu-
sion of leucine zipper sequence. Myosin VI has subse-
quently been demonstrated to dimerize without inclusion
of a leucine zipper, either by being held in close proximity
or by C-terminal binding partners that are themselves
dimeric (12). However, both the expressed and native mole-
cules have been shown to be monomeric (7), and whether
myosin VI is dimeric in vivo is controversial (7,13).

More recently, at least part of the myosin VI tail has been
suggested to be a single a-helical (SAH) domain, rather than
forming a coiled-coil. A SAH domain in myosin VI was
suggested due to the presence of regular repeats of charged
E, R, and K residues in the tail (7). Subsequently, similar
sequence in myosin X was synthesized and shown to form
a single helix, which led to the proposal that a SAH domain
could act to increase the effective length of the myosin VI
lever arm and thereby explain the unexpectedly large
doi: 10.1016/j.bpj.2010.09.014
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powerstroke (14). However, the tail immediately after the IQ
motif but before the predicted SAH domain was then shown
to be a three-helix bundle, which seems to unfold only when
myosin VI is dimerized (15). Thus, the structure and func-
tions of the different regions of the tail and cargo-binding
domain remain to be established.

A different explanation to an extension of the lever arm
lengthening the powerstroke is that the angular throw of
the myosin VI lever is greater than the 70–90� seen in
myosins II and V. This idea resulted from the myosin VI
crystal structure with ADP.Vi bound (representing the pre-
powerstroke ADP.Pi state) in which the lever arm was pre-
dicted to emerge from the motor domain at 140� or more
from the angle seen in the apo state (2). Recently, single
molecule fluorescence measurements indicated a swing of
~180� in artificially dimerized myosin VI (16,17). There
have also been suggestions that the converter can decouple
from the rest of the motor domain under some circum-
stances, which would allow the lever to swing freely (1,16).

Many questions remain concerning how myosin VI
generates force, how its shape changes in different nucleo-
tide states, and what the structures of its tail- and cargo-
binding domains are and their propensity to dimerize. To
better understand the properties and functions of myosin
VI, more information is needed about the shape and flexi-
bility of the entire molecule, especially in response to
different conditions. In this article, we report electron
microscopy of both truncated and full-length myosin VI
under a variety of conditions, including different nucleotide
states. We mainly used the negative stain method as this
provides ~2 nm resolution (see, for example, (18)) which,
after two-dimensional averaging by single particle analysis,
allows detailed shape comparisons with crystal structures
(19–22). The strongly bent shape of truncated apo myosin
VI agrees well with the corresponding crystal structure. A
large change to a straight shape involving a lever swing of
~140� was seen in the presence of ATP, ATP-gS, and
ADP. These shapes are different from expectation based
on crystal structures in long-lived analog nucleotide states.
A few dimers were observed, but these were only ~1% of
the total. Molecules exposed to calcium appeared to have
lost the IQ calmodulin. We also used the rotary metal shad-
owing method, which resulted in a different appearance in
the tail/cargo binding domain. A preliminary report of
some of this work has already appeared (23).

MATERIALS AND METHODS

Preparation of myosin VI and its S-1subfragment

Full-length myosin VI (aa 1–1276) from chicken intestinal brush border

cells containing the large tail insert (24) was cloned into the Bac-to-Bac

(Invitrogen, UK) vector FasBacHT. Protein with an N-terminal hexa-His

tag was coexpressed with calmodulin in insect Sf9 cells and purified as

described previously (7). The truncated myosin VI S-1 subfragment

(aa 1–839) containing the motor and IQ domain with either a N-terminal

or C-terminal hexa-His tag was cloned into the same vector, coexpressed
with calmodulin and purified by the same procedures used for the full-

length molecule. Proteins were stored in 30 mM NaCl, 1 mM MgCl2,

1 mM EGTA, 20 mM MOPS (pH 7.5), and 1 mM DTT. Long-term storage

used dropwise freezing into liquid nitrogen. The ATPase activity of the

frozen and thawed myosin VI was routinely tested by the Kendrick-Jones

laboratory (J.K.-J.) in Cambridge and by Claudia Veigel and colleagues

in London using an optical trap and in vitro motility assays (in vitro motility

assays are especially sensitive to inhibitions by small numbers of inactive

myosin molecules). Moreover, no differences were observed in the appear-

ances of the molecules with or without freezing; thus, image averages of the

apo S1 molecule remained very similar to projections of the corresponding

crystal structure (see Results). The hexa-His tags were sometimes removed

using rTEV protease (Invitrogen, Paisley, UK) specific for a cleavage site

located between the His tag and the myosin VI reading frame. No differ-

ences were detected in activity, trap, or motility assays with or without

the His tag.
Negative staining

Negative staining was performed as described (25). A droplet of myosin

solution diluted just before use to ~10 mg/mL in the same buffer as above,

but without DTT, was put on an EM grid covered with a thin (5–10 nm)

carbon foil. In different experiments, the buffer also contained ATP,

ATP-gS, or ADP (0.5 mM) or 0.1 mM CaCl2 (with 0.5 mM ATP). The

grid was first rinsed with a few drops of this buffer (with the appropriate

nucleotide), then with 1% uranyl acetate (pH 4.5), and then blotted from

its edge and dried. A key element of the staining method is that before

use, the carbon-coated grids are treated with ultraviolet (UV) light (mostly

~250 nm) from a mercury vapor lamp for ~40 min. This makes the carbon

hydrophilic, which results in a thin layer of stain after drying. The action of

the UVon the carbon is not understood but it is noteworthy that irradiation

is accompanied by a strong smell of ozone and is therefore carried out in an

enclosure in a fume hood. We also observed that when our original lamp

(Type R51; UV Products, Cambridge, UK) failed, a replacement (Type

R52) that did not give off ozone did not result in successful negative stain-

ing of myosin. Consultation with UV Products revealed that the new Type

R52 emission tube had been engineered to eliminate ozone.When a replace-

ment tube that was without this modification and did give off ozone was

used, successful staining was restored. It may also be mentioned that UV

treatment is extensively used in industrial processes to prepare surfaces

other than carbon.
Rotary shadowing

Rotary shadowing was carried out as described (26), which involves evap-

oration of platinum on to proteins dried in vacuo from glycerol-containing

buffers on freshly cleaved mica. One requirement is to minimize the amount

of nonvolatile salts by reducing the solution to a thin layer before drying,

which results in uniform image background. This is usually done by spray-

ing the protein onto mica, but in our case, we layered the solution on to the

mica, which was then thinned by spinning the mica on a horizontal disc,

throwing off excess liquid.
Electron microscopy and single particle image
processing

Images defocused by 100–200 nm were recorded at a dose of ~100 e/Å2 on

SO-163 film (Kodak, Rochester, NY) in a model No. 1200ex microscope

with a LaB6 electron source (JEOL USA, Peabody, MA). Micrographs

were digitized at a step size corresponding to 5 Å with an Imacon 848

scanner (Hasselblad, Gothenburg, Sweden) and processed using the

SPIDER/WEB software suite (27). Image stacks of 5000–25,000 particles

were windowed out in WEB and brought into alignment by multiple rounds

of translation and rotation. The stacks were then classified into
Biophysical Journal 99(10) 3336–3344
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homogeneous groups with the k-means clustering algorithm and averaged.

Many trials were done generating different numbers of classes, with the

object of maximizing the number of homogeneous images in a class, which

improves clarity and detail. This was balanced against heterogeneity which

results in blurring. Heterogeneity therefore requires more classes in order to

achieve homogeneity within classes. Complete classifications are shown in

the Supporting Material. Further details are given in Burgess et al. (28).
RESULTS

Electron microscopy of individual myosin molecules has
almost exclusively employed shadowing with platinum to
visualize them. Here, instead we used mainly negative stain-
ing because it achieves ~2 nm resolution, which is approx-
imately twofold higher than shadowing. A total of 169,964
stain particle images were obtained under several different
conditions. These were classified into homogeneous groups
and averaged. Two-dimensional averages containing 50–100
images generally showed greatly improved detail and
signal-to-noise (averages of >100 particles showed little
further improvement). The following sections and figures
show representative class averages, but complete classifica-
tions are in the Supporting Material, which allows the vari-
ability between classes to be assessed.
Shape of apo myosin VI

Image averages of negatively stained myosin VI molecules
truncated after the second calmodulin light chain (subfrag-
ment 1, S1) are shown in the absence of nucleotide in
Fig. 1. Alongside for comparison is the apo myosin VI S1
crystal structure (1). The micrographs show mainly one
view, indicating a preferred orientation on the grids. We
call this view the face-profile because the motor domain
has two indentations on one side and is smoothly curved
on the other. The indentation near the tip of the motor is
the large cleft between the upper and lower 50 kDa domains.
The second indentation is the gap between the lower 50 kDa
domain and the SH3 subdomain (see also Fig. 2, b and d, for
particularly clear examples of these details). Insert 2 is
visible protruding from the motor domain and extending
from this the lever arm curves around the side of the motor
domain opposite the SH3 region. In ~50% of cases, both
calmodulins are resolved in the lever, with their lobes
(thin arrow), extending from which is the lever arm with two calmodulins, with

numbers at the bottom right in each panel are the number of images in the avera

crystal structure of a similar apo myosin VI S1 molecule (15) showing a very s
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characteristically straddling the lever diagonally, such as
in the non-IQ calmodulin in the third average panel. That
the calmodulins are not always clear may reflect flexibility.
There is thus good agreement between the image averages
and the crystal structure, demonstrating that negative stain-
ing can faithfully reveal considerable detail in myosin VI
molecules.

We also prepared image averages of full-length myosin
VI, which has not been crystallized. Fig. 2 a shows field
and windowed image averages of full-length myosin VI
without nucleotide. As in our previous work (7), averaging
showed the tail of the molecule bending sharply after the
IQ-calmodulin region; as a result, the tail/cargo binding
domain appears to fold back across the N-terminal part of
the motor domain, perhaps binding to it. Such folding
may be part of an inactivation/regulatory mechanism, such
as occurs in myosins II and V.
Shape of myosin VI in the presence of nucleotides

Field images, together with image averages, of full-length
myosin VI in the presence of ADP, ATP, and ATP-gS are
shown in Fig. 2, b–d. Also visible in the field images are
actin filaments, which remain present at low levels as a result
of the myosin VI purification protocol. As would be
expected for functional myosin molecules, the actin fila-
ments are heavily decorated by the myosin in the apo and
ADP conditions, whereas they are bare in the presence of
ATP and ATP-gS. These data are therefore consistent with
the myosin VI being functionally competent.

Strikingly, the conformation of the myosin VI in the
image averages was similar in all three added nucleotides
and very different from the strongly bent apo state. In the
presence of all three nucleotides, the molecules were essen-
tially straight with the lever and tail in line with the long axis
of the motor domain. The lever swing producing this change
was ~140�. Although there were a few bent classes these
were a very small proportion of the total (<5%, see full clas-
sifications in the Supporting Material). The same face-view
of the motor domain seen without nucleotide predominates,
confirming a preferred orientation on the substrate, although
sometimes facing in the opposite direction. In the straight
tails, three distinct regions can usually be seen, two of which
FIGURE 1 Image averages of truncated myosin

VI (S-1) without nucleotide. The characteristic

face-profile of the motor domain is seen in each

panel (facing right except in panel 4). On one

side, the motor shows two indentations that are

the cleft between the upper and lower 50 kDa sub-

domains and the gap between the lower 50 kDa and

SH3 subdomains (open arrowheads); on the other

side, the motor curves smoothly. Insert 2 is visible

their diagonally positioned lobes resolved in some cases (thick arrow). The

ge and at the top left are the class identification numbers. To the right is the

imilar shape (see particularly stain panel 3). Scale bar, 5 nm.



FIGURE 2 Full-length myosin VI molecules.

The four panels a–d show molecules under

different conditions: (a) apo, (b) ADP, (c) ATP

and (d) ATP-gS (all nucleotides 0.5 mM). The

upper part of each panel shows the field view

with individual myosin VI molecules and residual

actin filaments that are used in the myosin purifica-

tion. Note the straightened shapes of the myosin VI

in the presence of nucleotides; also, the heavy

decoration of the actin filaments by the myosin

VI without nucleotide or in ADP, and the bareness

of the actin filaments in ATP and ATP-gS. Arrows

in panel d indicate possible detachment of calmod-

ulin lobes.
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are alternately angled with lobes on opposite sides of the
lever indicating they are calmodulin. Interestingly, in
some cases, the lobe of the calmodulin associated with
Insert 2 and nearest the motor SH3 subdomain sometimes
appears to extend as though it has detached from the back-
bone a-helix (arrowed). Similar calmodulin lobe detach-
ment has previously been reported (29).

The third C-terminal region of the tail is relatively feature-
less. There is no evidence of a thin, extended helical region
(SAH domain), as predicted (7,14). The C-terminal cargo
binding domain is also not resolved, possibly because it is
extremely mobile; it has been suggested to act as the end of
a flexible lasso to capture its adaptor binding partners (30).
Support for this suggestion is the observation that this domain
binds to PIP2-containing liposomes and binding induces
a large structural change (31% increase in helicity) (31).
Rotary shadowed myosin VI molecules

Full-length myosin VI with and without ATP present was
also examined by rotary metal shadowing because, although
this method achieves lower resolution, there was evidence
that the length of the tail observed by this technique (32)
was longer than seen by negative staining. Fig. 3 shows
a montage of full-length molecules dried in the presence
of ATP to give the straightened conformation described
above, to make length measurements simpler (apo shad-
owed molecules were more compact, as expected (not
shown)). Much less detail is visible than in the previous
figures and this was not improved by image averaging
(not shown). The large, globular motor domain is still
clearly identifiable; however, the overall length excluding
the motor domain, 29 5 3 nm, is >3 times that measured
in the stain image averages (9 5 2 nm), but no details of
the individual tails can be discerned.
Myosin VI dimers

We previously reported that, contrary to prediction,
expressed and purified myosin VI molecules were almost
completely monomeric (7). Although small amounts of
myosin VI molecules have subsequently been shown to
dimerize without inclusion of a leucine zipper (33), there
is little evidence of dimers in situ. We do, however, find
Biophysical Journal 99(10) 3336–3344



FIGURE 3 Rotary shadowed myosin VI. Shad-

owed full-length molecules (in the presence of

0.5 mM ATP) are in the upper panel. Note the

bulbous, globular motor domain toward the top

of each molecule, but little other detail is visible.

Below to the same scale are negatively stained

molecules. The distance between the motor

domain and the C-terminal end of the molecule,

29 nm, was ~3� that in stained data, 9 nm, sug-

gesting a difference in preservation between the

two methods.
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a very small population (~1%) of dimers in the intact mole-
cule preparations and examples are shown in Fig. 4. The
dimers appear to form through interactions at the ends of
their tails, rather than through a 2-nm-wide coiled-coil
tail, as in myosins II and V. There was no evidence of
extended helix or coiled-coil structure in the tails in these
stained images, as has been predicted. Based on negatively
stained images of myosins II (19) and V (22), a coiled-coil,
if present, should have been visible.
Effect of calcium

All the images shown so far were of myosin VI in low
calcium with EGTA present. Fig. 5 shows image averages
of whole myosin VI with 0.1 mM Ca2þ present. Consistent
with expectation, the tail is substantially shorter and less
complex, indicating the second (IQ) calmodulin has dissoci-
ated. The first calmodulin, which binds to Insert 2, appears
still to be present. However, only one region is visible
extending from the motor domain; this suggests the
remainder of the tail and cargo binding domain coalesced
with the calmodulin bound to Insert 2 (arrowed). Note
also that the motor domain appears narrower in these aver-
ages compared to Figs. 1 and 2, which is consistent with
a motor domain orientation rotated by ~20� on the carbon
substrate compared to the earlier figures.
FIGURE 4 Myosin VI dimers. The majority of myosin VI molecules

observed were monomeric but 1% were dimers joined through interactions

at the ends of their tails. Note the absence of extended helical or coiled-coil

regions in the tails. The grids for these images were made with 0.5 mMATP

present.
DISCUSSION

Myosin VI is arguably the most interesting and puzzling of
the ~40 myosins now identified in humans. This is due to its
unique ability to walk backward and to its unexpectedly
large powerstroke. These properties arise from the complex
Biophysical Journal 99(10) 3336–3344
structure of the ~800 residue motor domain and neither of
these mechanisms is fully understood. Moreover, the struc-
tures and functions of the different regions of the tail and the
extent to which the molecule dimerizes in vivo also remain
unclear.
Unconventional myosin VI powerstroke

The powerstrokes of myosins II and V are both similar and
relatively well characterized, primarily as a result of head



FIGURE 5 Myosin VI in calcium. Full-length

myosin VI was treated with 0.1 mM CaCl2 (in

the presence of 0.5 mM ATP). Note the apparent

absence of the second (IQ) calmodulin (compare

with Fig. 2 B). Arrows mark the remaining (Insert

2) calmodulin. Scale bar, 5 nm.

TABLE 1 Conformations of myosins II, V, and VI at stages in

their reaction schemes are compared
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(motor domain 5 lever) crystal structures in a variety of
long-lived nucleotide analog states. These structures have
also been docked into lower resolution electron microscopy
reconstructions with actin filaments in tightly bound states
(e.g., (34)). Both myosin II and V powerstrokes involve
a swing of the lever against the motor domain of ~80�,
from a sharply bent shape with ADP and Pi bound to
a much straighter shape with either ADP or no ligand bound.
In many myosin subclasses, this transition takes place in two
stages as Pi and ADP are successively released. The shapes
and relative angles of the motor domains and lever arms of
myosins II and V in the apo and ADP.Pi states visualized by
the same negative staining and image-averaging protocols
used here agree well with corresponding crystal structures
(19–22).

The myosin VI powerstroke appears to be very different;
in the positions of its lever, the extent of its swing and prob-
ably also its effective length. Movement of the converter
similar to that seen in myosins II and V would take the lever
from the already highly bent shape of apo-myosin VI to one
even more bent (2), so that the lever would cross the motor
domain. Instead, with ADP.Vi in the active site, which is
thought to represent the ADP.Pi state, the converter rear-
ranges itself to a structure not seen in other myosins; the
heavy chain a-helix to which the calmodulins would attach
then emerges from the motor domain roughly parallel to its
long axis (2). With the lever attached, this structure would
produce an approximately straight shape similar to that
seen here with ATP, ADP, and ATP-gS. The swing of the
lever under these conditions from the apo state is roughly
140�, i.e., approximately twice that seen in the myosins II
and V powerstrokes. This is somewhat smaller than the
~180� swing reported from recent single molecule fluores-
cence measurements (16,17). However, the fluorescence
determination used molecules that were artificially
dimerized. Tethering between the heads may therefore
have affected the lever swing. For instance, the levers in
the dimer may be forced to make increased swings in order
for the lead head to reach out to find an actin subunit at the
appropriate orientation to bind to. Increased swinging could
also be facilitated if the converter is decoupled from the rest
of the motor, as was claimed (16).

Despite several attempts, we have not obtained images in
the ADP.Pi analog states, ADP.AlF4 or ADP.Vi, because
myosin VI aggregated in the presence of these ligands.
However, the bent apo conformation is dramatically
different from the straight conformations we observed in
the presence of nucleotide, and this swing is therefore
likely to be the powerstroke. The fact that the ~140� swing
from the apo state is similar to that seen by crystallography
is also consistent with the rearrangement of the converter to
that seen in the crystal structure with ADP.Vi bound. This
novel structure of the converter is not seen in myosins II
and V.

The straight myosin VI shape we see in the presence of
nucleotides can therefore be argued to show the start of
the powerstroke. In this respect, our results superficially
correspond to those from myosins II and V in the presence
of ATP, where the pre-powerstroke ADP.Pi state is the
predominant intermediate. Myosins II and V in the presence
of ATP are mostly in the ADP.Pi state, because the equilib-
rium constants of their hydrolysis steps, KH, are > 1, and
because there is slow phosphate dissociation, k-P, making
M-ADP-Pi the predominant steady-state intermediate during
hydrolysis (Eq. 1 in Table 1) (33). In myosin VI, KH is 0.3–
0.5 and 70–85% of the molecules would be expected to be in
the M-ATP state during steady-state hydrolysis and 15–30%
M-ADP-Pi (35). Less than 5% of the myosin VI images
have a bent conformation (see the Supporting Material)
Biophysical Journal 99(10) 3336–3344
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and the most likely interpretation of the data is that the
ADP-Pi also has a straight conformation, in agreement
with the crystal structure in ADP.Vi.

The cartoon in Table 1 compares the conformations of
myosin VI observed here and by crystallography with
consensus structures observed for myosins II and V. In
the presence of ATP, ATPgS, and ADP we observed similar
overall shapes, with the lever arm extending straight from
the motor domain. In myosin II in the presence of ATPgS,
hydrolysis is the rate-limiting step (36) and M-ATPgS is
the predominant intermediate. The same is expected with
ATPgS and myosin VI and therefore, in the presence of
either ATP or ATPgS, myosin VI would be expected to
have primarily triphosphate in the active site and produce
similar conformations to those shown in Table 1. The
ATP and ADP states of myosins II and V have a similar
straight shape to the apo states of these molecules;
however, the crystal structure of myosin VI with ADP.BeF
bound is similar to the strongly bent apo state. Therefore,
in the presence of ATP or ATP-gS, myosin VI might also
be predicted to have a bent shape like the apo state, rather
than the straight one observed. The shape of myosin VI in
ATP is therefore quite different from expectation based on
crystal structures, assuming that each active site ligand
produces a single conformation. Note also that Eq. 1 of
Table 1 should not be interpreted as evidence the power-
stroke is associated with ADP dissociation from myosin
VI, as binding to actin is also likely to have a significant
effect upon the equilibrium between the different
conformers.

The straight shape of myosin VI in the presence of ADP is
also unexpected, because myosins I, II, and V with ADP
bound have shapes not greatly different from their apo
states. There is no myosin VI crystal structure with ADP
bound, but in cryo-EM three-dimensional reconstructions
of actin filaments saturated with myosin VI heads in the
presence of ADP, the lever arm was only 15–20� different
to the angle without nucleotide (11), rather than the ~140�

difference seen here. Thus, in ADP, myosin VI might be
expected to be strongly bent and not greatly different in
shape from the apo state.

We considered the possibility that the ADP used in these
experiments might not have been pure. ADP typically
contains ~1% ATP and AMP, but this should not have
been a problem as the myosin will have hydrolyzed the
small amount of ATP by the time the grids were made.
The affinity for AMP is several orders-of-magnitude weaker
than ADP. Thus, the molecules will have had ADP bound.
We also checked the ATP-g-S by HPLC and found it con-
tained in addition 2% ATP, 5% ADP, and 1% AMP, so
ATP-gS should have been bound in this case. Our observa-
tions in Fig. 2 that myosin VI fully decorated actin in the
presence of ADP and was completely dissociated from actin
by ATP and ATP-gS are further evidence that the intended
ligands were bound to the active site.
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Overall, the myosin VI microscopy is consistent with the
crystal structures in showing a much larger lever arm swing
than is observed in myosins II and V. However, the straight
shapes observed in ATP, ATP-S, and ADP, similar to what is
thought to be the prepowerstroke conformation, were unex-
pected. Factors that could have resulted in this lack of agree-
ment between the crystallography and microscopy are:

1. It is certainly conceivable that the class averages of the
molecules in the presence of nucleotides are not repre-
sentative. However, we think that this is unlikely,
because the entire dataset contained nearly 200,000
particle images. Individual experiment datasets generally
contained a minimum of 5000 particle images and in
some cases >20,000, classified into 100 or more aver-
ages. As can be seen in full classifications in the Support-
ing Material, the great majority of classes with bound
nucleotide were straight. We also cannot rule out that
the conformation is perturbed by immobilization on the
carbon substrate or exposure to uranyl acetate, but in
other respects, the correspondence between images and
the apo and ADP-BeF crystal structures is good.

2. There is considerable evidence for multiple conforma-
tions of myosin with analogs of ATP and ADP-Pi. In
myosin II with ADP and the phosphate analog BeF
bound to the active site, the equilibrium constant is
near one for the conformation transition between the
bent and straight converter helix measured spectroscopi-
cally (37) and by the the order-to-disorder transition of
heads observed by x-ray diffraction in muscle fibers
(38). This explains the different head crystal structures
(39,40). ADP-AlF4 and ADP-Vi increase the equilibrium
constant in favor of the bent (postpowerstroke) helix by
a factor of 2–4, but there are still significant concentra-
tions of the straight shape in both cases (37). The fact
that both conformations of myosin II heads have been
found in crystal structures with ADP-BeF bound shows
that there is not a one-to-one correlation between
biochemical and structural states with nucleotide analogs
in the active site. The native substrate, ATP, produces
a stronger shift toward the ordered (bent) conformation
than observed with other analogs in both muscle (41)
and nonmuscle myosin II (42). Two conformations of
myosin II are observed in the presence of ATP; however,
in this case, there are also two states, M-ATP and M-
ADP-Pi. Thus for myosin II, there is a close correlation
between the proportions of the two biochemical states
and the proportions of the two conformations (41),
consistent with there being a predominant conformation
associated with each biochemical state, but the possi-
bility of multiple conformations in particular states
cannot be ruled out for myosin VI.

3. Single molecule EM may reveal conformations not seen
by crystallography and is not subject to crystallization
conditions or lattice forces. Thus, both EM and
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crystallography have potential for artifacts. Finally, it
seems clear that the force producing mechanism of
myosin VI is very different from the more extensively
characterized myosins II and V, and so may behave in
unexpected ways. At present then, the discrepancy
between the microscopy and crystallography data
remains unresolved.
Tail bending

The strongly bent shape in apo full-length myosin VI image
averages has a further bend of ~90� after the second (IQ)
calmodulin. This region, which is not present in S1, appears
to direct the tail across the N-terminal region of the motor
domain. However, there is no large bend after the IQ
calmodulin in the straight molecules seen in ATP, ATP-
gS, and ADP. This appears to indicate a nucleotide-driven
shape change in the tail. A possible explanation for this is
that in the apo state there is an interaction between the C-
terminal part of the tail and the motor domain that is abol-
ished by nucleotide in the active site. Such an interaction
could be part of a regulatory mechanism that inactivates
myosin VI, folding the molecule in a way reminiscent of
the inactive folded states of nonmuscle myosins II and V
(43–45). Consistent with this, preliminary pull-down data
indicates that the expressed tail binds to S1 (motor domain)
in myosin VI (not shown). Such a regulatory mechanism
could be important in controlling myosin VI in situ.
Tail structure

The distance between the motor domain and the end of the
molecule in shadowed images was 29 nm, which is ~3�
longer than that seen in the stain image averages. The
number of residues between the IQ motif and the start of
the globular C-terminal cargo binding domain is ~220.
However, ~80 of these fold in a three-helix bundle whose
length is ~4 nm. The three-helix bundle appears not to be
very stable and may unfold if myosin VI is induced to
dimerize (15). If the remaining 140 residues were entirely
a-helical, they would span 21 nm. Because each IQ-calmod-
ulin lengthens the lever by 4 nm, the overall length of the
lever, three-helix bundle, and presumed helical tail
(including SAH domain) could be expected to be ~33 nm.
This is slightly longer than that measured by shadowing
and neglects the size of the cargo-binding domain, but it is
much closer than the estimate from the stain image averages.

The negative stain technique has been successfully used
across biology. Very few artifacts produced by the method
have been reported, despite the high concentration of
uranium ions and low pH it involves. We cannot rule out
that the shadowed tails are lengthened by the combing force
of the receding meniscus during drying (46), perhaps unfold-
ing the three-helix bundle; however, this would probably also
result in a similar alignment between molecules locally,
whichwas not observed.Moreover, unfolding the three-helix
bundle would only lengthen this region by 8 nm, which is
much smaller then the amount observed. Our data therefore
suggest that the myosin VI tail collapses in stain, resulting
in an artificially shortened structure.
CONCLUSIONS

The resolution attained by negative staining and image aver-
aging is approximately twofold better than the shadowing
method that has been used for most microscopy of myosin
molecules, including myosin VI. Although this is still
~10� lower than achieved by crystallography, it is sufficient
to allow detailed comparisons to be made with crystal struc-
ture shapes. The microscopy has the advantages that native
ligands such as ATP can be added, whole molecules can
easily be observed, and a range of conformations can be
observed.

Our data support the idea that force production in myosin
VI is significantly different from other myosin classes, both
in the angular throw and direction of its lever and in the
rearrangement of its converter subdomain. There is good
agreement between the image averages and the crystal struc-
ture of the apo S1 molecule, both of which show a similar
strongly bent lever arm emerging from the converter.
Microscopy in the presence of ATP, ADP, and ATP-gS all
show a straightened molecule similar to the crystal structure
with ADP.VO4 bound. Differences from the expected
conformations with different nucleotide and nucleotide
analogs bound may be explained by multiple nucleotide
conformations that are present with nucleotide analogs
bound to the active site.
SUPPORTING MATERIAL

Full classifications of myosin VI are shown demonstrating the variability of

shapes observed under different nucleotide conditions are available at
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