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Three-dimensional structure of the myosin V
inhibited state by cryoelectron tomography
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Unconventional myosin V (myoV) is an actin-based molecular
motor that has a key function in organelle and mRNA transport, as
well as in membrane trafficking'. MyoV was the first member of
the myosin superfamily shown to be processive, meaning that a
single motor protein can ‘walk’ hand-over-hand along an actin
filament for many steps before detaching>™*. Full-length myoV has
a low actin-activated MgATPase activity at low [Ca®*], whereas
expressed constructs lacking the cargo-binding domain have a
high activity regardless of [Ca’*] (refs 5-7). Hydrodynamic data
and electron micrographs indicate that the active state is extended,
whereas the inactive state is compact®'°. Here we show the first
three-dimensional structure of the myoV inactive state. Each
myoV molecule consists of two heads that contain an amino-
terminal motor domain followed by a lever arm that binds six
calmodulins. The heads are followed by a coiled-coil dimerization
domain (S2) and a carboxy-terminal globular cargo-binding
domain. In the inactive structure, bending of myoV at the head—
S2 junction places the cargo-binding domain near the motor
domain’s ATP-binding pocket, indicating that ATPase inhibition
might occur through decreased rates of nucleotide exchange. The
actin-binding interfaces are unobstructed, and the lever arm is
oriented in a position typical of strong actin-binding states. This
structure indicates that motor recycling after cargo delivery might
occur through transport on actively treadmilling actin filaments
rather than by diffusion.

Expressed full-length myoV formed two-dimensional (2D) arrays
with a hexagonal unit cell (a = 653 A) and a repeating motif that
resembles a six-petalled coneflower (Fig. 1a, b). The ‘pistil’ of the
flower contains the motor and cargo-binding domains, and the
‘petals’ contain the lever arms and the initial segment of the S2
domain. The arrays were extensive but the coherent domains were
small, and the poorly sampled diffraction made spatial averaging
unproductive. We therefore used correlation averaging and multi-
variate statistical analysis (MSA) to determine the molecular
structure (Fig. 1b-h). This approach allows individual repeats to
be aligned with each other independently and to be grouped with
self-similar repeats when structural heterogeneity is present''. MSA
of the flower and molecular repeats (Fig. 1b) reveals details not
easily visible in the original micrographs. The major image features
can be accounted for by the two motor domains, their lever arms
and the S2 domain. The lever arms show a zigzag structure caused
by the different orientations of the calmodulins'®. Between the
lever arms, the S2 domain is clearly visible and asymmetrically
placed.

The assignment of the motor domains relative to the lever arms
could be done in two ways. The favoured ‘outward’ arrangement (see
below) has the motor domains extending roughly along the line of
their lever arms (Fig. 1d); the ‘inward’ arrangement has the motor
domains facing each other (Fig. le). With the exception of the initial

segment of the S2 domain, the various parts of the rest of the tail are
not easily separated.

To establish that the arrays consist of folded conformations with
the heads bent backwards towards their S2 domain (as opposed to
extended conformations, in which S2 could have come from a petal
in the adjacent flower), we used MSA on the extracted molecules but
included the neighbouring molecule to the outside (Fig. 1f-h). The
three class averages revealed variable placement of the neighbouring
molecules (Fig. 1f, g), and one of the classes (Fig. 1h) showed no
neighbouring molecule. For this class, the S2 domain is as prominent
as in the other classes, establishing that the arrays indeed consist of
myoV molecules in the folded conformation.

We used electron tomography for three-dimensional (3D) image
computation with higher signal-to-noise averages obtained by MSA
of the 3D molecular images. In the raw tomogram (Supplementary
movie 1) the arrays were readily identified, and flower and molecular
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Figure 1| Electron micrographs and averages of myoV. a, Negatively
stained myoV 2D arrays. The ‘coneflower’ motif is outlined. b, Six-fold
symmetrized average of 393 myoV coneflower repeats. ¢, Average of

2,358 myoV molecules. d, e, Two possible interpretations of the projection
superimposed on the average: d is the outward arrangement and e shows the
inward arrangement. f-h, Three different class averages of molecules using a
classification mask that included parts of the neighbouring molecule at the
bottom. At the bottom the adjacent molecules are different in f and g,
whereas in h there is no adjacent molecule (arrow).
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Figure 2 | Molecular arrangement within the ‘flower’ motif. a, At the top is
an opaque surface rendering viewed from the solvent phase; at the bottom is
a translucent surface view with the myoV atomic model rendered in space
filling. The colour scheme for the bottom molecule is as follows: red and
magenta, motor domains; green, light chains; blue, heavy chain component

images could be extracted for alignment and processed as done for
the 2D projections. A flower motif generated from the 3D class
average with the most molecular images (Fig. 2a, and Supplementary
movie 2) shows how six myoV molecules come together. One myoV
head lies above (more into the solvent phase than) the head from the
adjacent molecule, and their lever arms cross in the vicinity of the
first calmodulin.

Array formation has the advantage of reducing conformational
variability between individual myoV molecules but has the dis-
advantage that domain boundaries are sometimes ambiguous. To
clarify the molecular boundaries we built an atomic model of the
myoV motor domain and lever arm based on two X-ray struc-
tures'"? (Fig. 2). Two additional models for fitting were built with
lever arms in the pre-powerstroke and 90° orientations based on
smooth and scallop myosin S1 structures. For calmodulin, the
‘closed’ conformation' was a better fit than the ‘open’ conformation.
Each of the initial models for the myoV heads was tested in both the
‘inward’ and ‘outward’ configurations using flexible fitting based on
normal mode analysis'®. The best fit (correlation coefficient of
0.82; Supplementary Methods and slideshow) was obtained for the
structure with the post-powerstroke lever-arm orientation in the
‘outward’ configuration (Figs 1d and 2a).

The rod-like density can account for about 145 residues (about
21 nm) of the S2 domain (Fig. 2a), whereas the initial segment of S2
from sequence analysis consists of about 190 residues (about
28.5nm)". Some of the S2 sequence must be involved in reversing
direction in the inhibited conformation, so the bulge at the end may
be the PEST site. The remaining approximately 330 residues before
the cargo domain are probably folded up and disordered within the
pistil.

An extra density is present between the two motor domains
(yellow in Fig. 2) that cannot be accounted for by the atomic
model and is presumably the cargo-binding domain. It is positioned
on the side opposite the motor domain’s actin-binding surface (cyan
in Fig. 3) and adjacent to loop 1 (green in Fig. 3). A decrease in the
flexibility of loop 1 in myosin II (myoll) has been postulated to
decrease ADP release rates'®. Similarly, direct binding of the cargo-
binding domain to loop 1 could stabilize its motion and decrease
ADP release rates, thus accounting for the decreased ATPase activity
of the folded monomer. The density has a volume corresponding to
that predicted for a pair of cargo-binding domains and could be
segmented as two separate densities of slightly different sizes. On the
basis of the model building, these two closely juxtaposed densities
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of the lever arm; cyan, S2 domain; yellow, cargo-binding domain density
envelope; grey, adjacent molecules. b, ¢, Higher-magnification views
showing the motor domain fit into the density envelope. b, View from the
solvent phase; ¢, view from the monolayer side.

come from different myoV molecules in the lattice. The 15-nm
separation of the densities with respect to an individual myoV
molecule is within the roughly 20 nm distance observed in electron
micrographs of isolated myoV molecules'.

Although the two myoV heads have different orientations within
the arrays (Fig. 2), both have very similar, rigor-like conformations
when docked on an actin filament (Fig. 4a, b). Each head can be
docked without steric interference from the other head, the S2
domain or the cargo-binding domain. Binding of the inhibited
conformation to actin was verified by decorating actin with myoV
under conditions used to form the arrays (ADP + P;). Electron
micrographs of negatively stained specimens most commonly
revealed extensive decoration (Supplementary Fig. S1). At lower
myoV concentration, partial decoration could be achieved. Individ-
ual actin-bound molecules showed a triangular shape highly charac-
teristic of our myoV structure (Fig. 4c). The main difference is a less
angled lever arm, although this may be an artefact of drying. Our data
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Figure 3 | Placement of the cargo-binding domain on the motor domain.
Two cargo-binding domains are resolved that together have a peanut shape.
The two motor domains are coloured red and magenta, and their actin-
binding surfaces cyan. Loop 1 (residues 184-191) and the ATP-binding
region (residues 424430 and 228-235) are coloured green. The cargo-
binding domain is positioned at loop 1. a, View from the same direction as
Fig. 2a. b, Motor domain reoriented to show the relationship between loop 1,
the cargo-binding domain and the actin-binding interface. ¢, Same view as b
for the second motor domain.
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therefore indicate that the inhibited conformation might bind actin
strongly.

Global conformational changes from extended active states to
folded inactive states have now been observed in several molecular
motors. Vertebrate smooth and non-muscle myolI", kinesin'® and
myoV*? all form folded conformations with higher sedimentation
coefficients and decreased ATPase activity. Although the overall
strategy used by various motors is similar, the details of the inactive
state are tuned to the particular motor, its molecular architecture and
its functional role in the cell.

The mechanism of ATPase inhibition differs for myoll and myoV
despite the folded form of their inactive structures. In myoV, ATPase
inhibition occurs for both heads by the same mechanism, namely
binding of the cargo domain to loop 1, a feature known to affect rates
of nucleotide exchange'®. In contrast, a key feature of myoll inhi-
bition was the striking asymmetry of the interaction between the two
heads, indicating that ATPase activity of each head might be inhibited
by a different mechanism'. The myoV lever arm is in a post-
powerstroke orientation; the molecule is therefore likely to bind
strongly to actin (see Fig. 4). In contrast, the lever arm of myollisina
pre-powerstroke conformation, namely M—ADP-P; (ref. 19), indi-
cating that it should bind weakly to actin, in accord with results from
biochemical studies'”. The switch that activates myoV is the binding
of calcium and/or cargo’. Activation by calcium was observed
directly from ATPase measurements, whereas activation by cargo is
inferred from the structure because cargo binding should compete
with and disrupt the intramolecular interaction between the cargo

Figure 4 | Orientation of the myoV-inhibited structure on F-actin. F-actin
strands rendered light blue and grey. Actin docking is based on ref. 30.

a, Panel shows F-actin can bind only one myoV head at a time. The unbound
head extends up towards the viewer. b, Same view direction as a but with the
second head docked. ¢, High-magnification gallery of actin-bound myoV
molecules. In some the S2 domain can be seen between the two heads.
Drying in negative stain would flatten the structure onto a plane, which may
account for some of the differences between the models and the
micrographs.
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and motor domains. Phosphorylation of the regulatory light chain is
the switch that extends the folded conformation of smooth muscle
myoll".

The microtubule-based motor kinesin also undergoes a shift in
sedimentation coefficient from about 6S to about 9S (refs 18, 20)
that requires the cargo-binding domain. Artificial cargo can activate
full-length kinesin, whereas shorter constructs are always active®'.
ATPase inhibition is due to slowed ADP release on the initial binding
to microtubules, which keeps the microtubule-binding affinity
weak?.

The structures and properties of the inactive conformations of
myoll and myoV indicate that there are likely to be unique mecha-
nisms of motor recycling. MyoV is a barbed (+)-end-directed motor
and once it delivers its cargo it has no obvious mechanism by which
to return to its starting position to rebind cargo. Possible solutions
would be simple diffusion or a set of recycling motors to carry the
molecule back to its starting position. Both of these would require an
inactive state with low affinity for actin, but our myoV structure
indicates possible high actin-binding affinity.

An explanation may be found in the observation that, in brain,
myoV co-localizes to regions such as growth cones® and dendritic
spines®*, which have high rates of actin turnover indicative of active
treadmilling®. We propose that actin treadmilling provides the
recycling mechanism. MyoV cargo delivery would be akin to deliver-
ing a package by ‘running up the down escalator’. Once the cargo has
been delivered to the actin (4) end, myoV need only remain on the
actin, which is facilitated by a conformation that inhibits ATP
turnover but not actin binding. The treadmilling process on actin
will eventually deliver the myoV to the actin filament (—) end, where
new cargo binding can unfold and activate the molecule.

For this model to work, myoV must move at least twice as fast on
actin as the actin filaments are growing. MyoV rates of movement on
actin are of the order of 400 nms ™' (refs 3, 15), whereas growth of the
actin filament (+) end in vivo is about 10% of that by several
measures™. Thus, myoV has the motor properties to ‘run up the
down escalator’, and the binding properties to hang on for the return
trip.

METHODS
Expression, purification and 2D crystallization. A Flag-tagged, full-length
murine myoV was coexpressed with a calmodulin mutant deficient in Ca*"
binding (CaMAall) in Spodoptera frugiperda (Sf9) cells, and purified as described
previously’. Crystallization, similarly to previous efforts'’, used a buffer
consisting of 20 mM Na,HPO,, 80-100 mM NaCl, 2 mM MgCl,, ] mM ADP,
1 mM EGTA and 8-9% poly(ethylene glycol) 8000. 1,2-dilauroyl-sn-glycero-3-
phosphocholine was from Avanti Polar Lipids. Other reagents were from
Sigma-Aldrich. The concentration of MyoV was 0.2 pM.
Electron microscopy and image processing. MyoV 2D arrays were recovered
from the lipid monolayer on 200-mesh copper grids covered with a reticulated
carbon film. We used correlation averaging and MSA to obtain averaged images
of the coneflower motif and its six individual myoV molecules. Coneflower
repeats were selected interactively by using the Boxer module of the EMAN
software package”. Extracted coneflower repeats were corrected for contrast
transfer function (phase-flipped) by using the EMAN CTFIT module. Averaging
was performed by first aligning the individual coneflower repeats, followed by
the extraction and alignment of the six individual molecules. Several cycles of
MSA and multireference alignment were used to produce class averages.
Electron tomography. Specimens were frozen as described previously", trans-
ferred into a Gatan 626 cryoholder and examined under low-dose conditions in a
Philips CM300-FEG electron microscope operated at 300 kV. Eight single-axis
tilt series were collected at X 43,200 magnification with a Tietz F224HD
2,048-pixel X 2,048-pixel charge-coupled device camera and the associated
EM-MENU software (TVIPS). The pixel size at the specimen level was 5.56 A.
Tilt series of about 60 images were collected from —70° to +70° with the use of
cosine-rule increments. Three different defoci (—5, —8 and —12 pm) were used
for data collection. The cumulative electron dose of each tilt series was about 30
electrons A2,

Tilt-series images were aligned by using marker-free alignment?. For defocus
determination, small patches at constant y coordinate and therefore at the same
defocus were extracted and their power spectra were summed incoherently.
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Defocus itself was determined with CTFIT?. Focus gradient correction” was
applied to each image taken at more than 30° tilt, and a Wiener filter defocus
correction was used for images with less than 30° tilt. The defocus-corrected
images replaced the low-pass-filtered micrographs for further alignment refine-
ment. Tomograms were computed by weighted back-projection.

3D average and correspondence analysis. Similarly to the 2D averaging, 3D
averaging was performed in two steps. Coneflower repeats (200 pixels X 200
pixels X 80 pixels) were extracted from the cryotomograms, aligned in three
dimensions and the six myoV molecules extracted (60 pixels X 80 pixels X 50
pixels). After all the myoV molecular volumes had been aligned to a single
reference, they were classified with the use of hierarchical ascendant methods'".
The 6,070 3D volumes were subjected to repeated cycles of multi-reference
alignment and MSA until the signal-to-noise ratio no longer improved. In the
final cycle, four class averages were generated; however, three of these, totalling
4,029 volumes, were judged to be very similar and were combined. The
resolution of this average determined by Fourier Shell Correlation was 24 A at
the 0.5 cutoff. The 3D flower motif was generated by applying six-fold symmetry
to the myoV molecule average.

Atomic model building. We constructed a myoV atomic model based on the
high-resolution X-ray structure of the myoV—ADP motor domain plus the
essential light chain structure (Protein Data Bank (PDB) accession number
1W7I)". The rest of the lever arm was modelled on the X-ray structure of the
calmodulin-like myosin light chain (Mlclp) binding to the IQ2 and IQ3 motifs
of yeast myosin Myo2p (PDB 1N2D)". By repeating the IQ2 and IQ3 structures
we built the IQ4, 1Q5 and IQ6 complex. Because the 2D arrays were grown in
ADP plus P;, we tested the possibility that the lever arm was positioned in other
orientations by rebuilding this structure at heavy-chain residue Ala696 to
conform to two other X-ray structures, PDB 1BR1 and 1QVI. These models
were either poor fits to the density or produced structures that when docked on
actin were flawed (Supplementary slideshow).
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