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Myosins are motor proteins in cells. They move along actin by
changing shape after making stereospecific interactions with the
actin subunits'. As these are arranged helically, a succession of
steps will follow a helical path. However, if the myosin heads are
long enough to span the actin helical repeat (~36nm), linear
motion is possible. Muscle myosin (myosin II) heads are about
16 nm long?, which is insufficient to span the repeat’. Myosin V,
however, has heads of about 31 nm that could span 36 nm (refs 4, 5)
and thus allow single two-headed molecules to transport cargo by
walking straight’. Here we use electron microscopy to show that
while working, myosin V spans the helical repeat. The heads are
mostly 13 actin subunits apart, with values of 11 or 15 also found.
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Typically the structure is polar and one head is curved, the other
straighter. Single particle processing reveals the polarity of the
underlying actin filament, showing that the curved head is the
leading one. The shape of the leading head may correspond to the
beginning of the working stroke of the motor. We also observe
molecules attached by one head in this conformation.

MyosinV is a class of motor protein implicated in vesicle
transport in cells and is particularly abundant in neurons'. The
kinetics of its ATPase show differences from those of myosin II
(muscle myosin) which may be adaptations for hand-over-hand
‘processive’ action®”. Thus the rate of ADP release from the complex
with actin is close to the overall cycle rate, whereas ATP binding and
cleavage are much faster. The affinity of myosin V—ADP for actin is
very high. These properties ensure that the heads are attached to
actin for a larger fraction of the ATPase cycle than myosin II, that is,
their duty ratio is higher. For fully processive motion by this
mechanism, one head should not detach before the second re-
attaches. Although this is the case for two-headed motors that move
along microtubules®’, it is controversial whether myosin V typically
takes many or few steps before detaching'®'".

The structural basis of the processive movement has not been
established. Early electron microscopy of the complex of myosin V
and actin found bundles of filaments crosslinked by the two heads®,
in the manner previously seen with myosin II (ref. 12). When excess
myosin V was present, fully decorated actin was found with a fringe
of material about 50 nm wide. Some of this was fine strands,
probably the tails, but some appeared more globular, suggestive of
molecules attaching by a single head. Binding of both heads to a
single actin filament was not reported. The two heads of myosin II
can attach to the same filament, and are generally on adjacent
subunits, only occasionally on the next but one’. To understand
processive movement, it is therefore important to show whether,
and under what conditions, the two heads of myosin V can bind to a
single actin filament.

Optical trap records show that at 1 WM ATP, steps occur at about
one-second intervals'. This rate is limited by the rate of ATP
binding, and we reasoned that this should favour observation of
molecules attached by both heads: the trailing one being free of
nucleotide, the lead one probably at an earlier stage in the cycle. To
see the structure of individual molecules attached to actin we mixed
a low molar ratio of myosin V HMM (heavy meromyosin, that is,
lacking the cargo-binding domain) with actin under these condi-
tions. This myosin has a high affinity for actin, so we were able to
avoid ATP depletion by using only 40 nM HMM; we also used
~100mM ionic strength, in contrast to the requirements for
observing myosin Il during ATPase activity'>. We observed about
50% of the bound molecules attached by both heads (Fig. la—d).
The heads are spaced far apart along actin, as required for linear
processive function, and attachment to adjacent actin subunits was
not observed. There were also many singly attached (Fig. le) and
unattached molecules, and many of the actin filaments were
bundled together. Myosin V purified from chick brain'* and myo-
sinV HMM stored in excess calmodulin gave very similar results
(data not shown), indicating that the wide separation of the
attached heads is not an artefact of a misfolded or calmodulin-
depleted preparation. Doubly-attached heads became rare if the
grid was rinsed with a higher concentration of ATP, as expected if
the trailing head is free of nucleotide.

In the absence of ATP or ADP, we found a strong tendency
towards bundling of actin filaments by myosin V HMM, and the
structure within these bundles was obscure. By using more dilute
proteins and allowing only a few seconds between mixing and
adsorption to the carbon film, we reduced bundling. We observed
very few unattached molecules under these conditions, indicating
that almost all the myosin was competent in actin binding. Many
myosin molecules were attached by only one head, but the doubly-
attached molecules appeared similar to those in Fig. la—d. The
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presence of molecules with only one head attached, and the strong
bundling tendency, indicate that it is relatively difficult for two
nucleotide-free myosin V heads to bind to the same actin filament.
In rigor the two heads have the same preferred conformation and
there would have to be substantial distortion in the second head to
allow binding to the same filament.

In the presence of saturating ATP (1.0 mM), we observed many
more unattached molecules, indicating that myosin V HMM is not
strongly processive. Those that were attached bound almost exclu-
sively by one head, and bundling was infrequent.

ADP slows the rate of actomyosin V ATPase by forming an actin—
myosin—ADP intermediate. As this is a tight binding complex for
myosin V (ref. 6), ADP should favour two-headed binding. In the
absence of ATP, 20 wM ADP reduced bundling compared to rigor,
and more doubly-attached molecules were present. This indicates
that the actin binding properties of myosin V. HMM—-ADP are
different from those of nucleotide-free heads. Addition of 2 uM
ADP to 1 pM ATP caused an increase in bundling, but had little
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effect on the incidence of double attachment. Addition of 100 uM
ADP to 100 uM ATP increased the fraction of molecules attached,
the amount of bundling and the incidence of doubly-attached
molecules. Thus the incidence of double attachment follows the
expectations from the kinetic properties of myosin V (refs 6, 7).

To determine the separation between the heads of doubly-
attached molecules we applied single particle image processing>™",
using the actin subunit periodicity to calibrate the magnification of
the micrographs. Figure 2 shows that the heads were typically 13
actin subunits apart, a distance of 36 nm. With 13/6 actin helical
symmetry, these strides will produce linear motion. Figure 2 also
shows subsidiary peaks of 11 and 15 subunits between attached
heads (30 nm and 41 nm, respectively). These subunits are azimuth-
ally adjacent to subunit 13. Molecules with different stride lengths
appeared similar in other respects (Fig. 1b—d). This variation may
be a consequence of cumulative angular disorder in actin
filaments'®, sometimes bringing subunits 11 or 15, rather than
subunit 13, to the same azimuth as the first. Flexibility within the
myosin may also contribute, allowing heads to vary the azimuth as
well as the distance at which they attach. Variation in stride length
may thus contribute to the variation in step size measured in optical
trap experiments.

Most doubly-attached molecules (70%) show an obvious polarity
because both heads are curved in the same direction, though to
different degrees, like a skier’s legs in the telemark stance (Fig. la—
d). Where more than one telemark-shaped molecule was attached to
a single actin filament they all showed the same polarity (Fig. 1a),
indicating that this structure is not merely a random distortion. To
determine the polarity of the telemark shape relative to that of
F-actin, we aligned short (48 nm) segments of F-actin to which
heads were attached to generate a polar average (Fig. If).
Inspection of the HMM molecules attached to the aligned
segments showed that for the great majority (82% of 203
molecules) the barbed end of the filament was beyond the
strongly curved head. As the direction of movement of this

<« Figure 1 Structure of myosinV HMM bound to F-actin. All filaments are shown with the
barbed end to the right. a, Filaments with several examples of two-headed binding in
1 wM ATP. Arrow, an HMM tail pointing away from the barbed end of the actin; asterisk,
W-shaped molecule. b—d, Galleries of single HMM molecules spanning 11, 13 and 15
actin subunits respectively; left column shows symmetrical structure, the others the polar
telemark structure, orientated with the leading head to the right; bars correspond to a
distance of 11 (b), 13 (c) or 15 (d) subunits. e, Examples of single-headed binding in
1 M ATP, arranged to simulate a plausible walking cycle (see Fig. 4; also animated at
http://www.leeds.ac.uk/bms/research/muscle/muscle.htm). f, Typical average of aligned
segments of F-actin underlying myosin V heads. Scale bar in a 50 nm; applies to a—e,
f, 20 nm. We expressed the HMM-like fragment of mouse myosin Va heavy chain”
(residues 1—-1,091) and calmodulin by co-infection of Sf9 cells by baculovirus vectors,
purified them as described” and stored them at ~1.6 uM in 0.5M KCI, 0.1 mM EGTA,
1 mM dithiothreitol, 10 mM MOPS, pH 7.0. Actin was from rabbit skeletal muscle, stored
in liquid N, at 220 uM in 0.2 mM CaCl,, 0.5mM DTT, 0.2mM ATP, 2mM Tris—HCI,
pH8.0 at 0°C. We formed the Mg polymer by addition of 0.2 mM EGTA and 0.1 mM
MgCl,, followed after 15 min by 50 mM KCI. We diluted the proteins using 0.10 M KClI,
1.0mM EGTA, 1.0mM MgCl,, 10 mM MOPS, pH 7.0. We made specimens from equal
volumes of F-actin (0.4-1.6 uM) and myosin V HMM (0.08—-0.16 M), mixed and
immediately applied to carbon-filmed EM grids as described®. We stained the grids with
1% uranyl acetate, generally without rinsing as this washed away cycling molecules. For
rigor and ADP experiments, we treated 40 wM F-actin with 0.01 units mi~" apyrase
(Sigma A6535) for 5 min before use. When needed, we incubated 40 M ADP for ~2 min
with the HMM only before mixing with actin. When used, we added ATP to both proteins
5 before they were mixed. We calibrated micrographs at 40,000 using Fourier
transforms of straight segments of F-actin, and scanned (Leafscan-45) at a step size
corresponding to 0.53 nm at the specimen. Image processing was performed using the
SPIDER software suite?.
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myosin along actin is towards the barbed end*, this indicates
that the strongly curved head leads and the straighter one trails.
We suppose that the remainder, with reversed polarity, originate
from incorrectly assigned actin polarity, as these were more
numerous where the actin structure correlated weakly with the
average. With the direction of movement determined, we can
also observe that the short HMM tail is typically angled in the
trailing direction (for example, Fig. la, arrow). About 30% of
doubly-attached molecules show sufficiently little difference in
shape between the heads that polarity is not apparent (Fig. 1b—
d, left). Molecules with this structure were found in all experi-
ments. Molecules are also seen that are W- rather than V-
shaped (Fig. la, asterisk). We suspect that these are attached to
actin at azimuths that place them out of the plane of the
carbon film, and that their appearance is a consequence of
collapse.

60

40+
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Number of molecules

7 9 11 13 15 17 19
Head separation (F-actin subunits)
Figure 2 Axial distance spanned by two heads of a myosin V HMM molecule attached to
actin in 1 M ATP. The distance between heads was measured by aligning the motor
domains and using the resulting rotation and translation parameters to determine their

positions in the original micrographs. n = 367. Specimens prepared in 20 uM ADP also
gave a peak separation of 13 subunits.

Figure 3 Average and variance images respectively of 262 lead (b, d) and 234 trail (a, ¢)
heads of myosin V HMM bound to actin in the presence of 1 wM ATP. Scale bar: 20 nm.
We aligned the underlying actin first, then aligned the lead and trail heads using a mask
that essentially excluded the actin. The clarity of the actin structure indicates that these
averages derive from heads bound to a narrow range of actin azimuths.
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Image averaging (Fig. 3) shows that both motor domains are
primarily associated with single actin subunits and are similar in
shape. The actin subunits to which they attach appear the same.
Variation in shape between molecules weakens the light chain
domains in the averages, but the variance images (Fig. 3¢, d)
indicate the range of shapes. The trailing light chain domain
emerges from the leading side of the motor domain and is angled
at roughly 40° to the filament (Fig. 3a); this resembles the rigor
angle”, thought to be the end of the working stroke. The averaged
structure of the leading head is quite different as its light chain
domain emerges near the trailing side of the motor domain and is
strongly angled back to join the other head. The angle to the
filament, measured near the junction of the light chain domain
with the motor domain, varies between individual images with a
range of 90—150% from the average image (Fig. 3b), the angle is
about 115°. Comparing the averages there is thus a pronounced
(75°) difference between the two heads in the orientation of the light
chain domain emerging from the motor domain, and this is in the
direction expected to produce a forward working stroke by the
leading head once the trailing head detaches. Rotation through
this angle would produce an axial translation of 26 nm for the head—
tail junction of an unconstrained head. Laser trap measurements
of single working strokes by myosinV give similar values
(~20nm)""*, which indicates that the images are relevant to the
start and end of the working stroke.

The telemark-shaped molecules may show us two key states of the
processive motion (Fig. 4). Evidence is accumulating for a strain
dependence in ADP release in this and other myosins®'>*'. The
structure we have observed for the leading head is that predicted to
correspond to the direction of strain that would inhibit ADP release,
whereas the trailing head is strained in the direction likely to
promote release. Thus it is plausible that in images obtained at
low ATP concentrations, the trailing head is nucleotide-free and the
leading head may still contain ADP. Detachment of the trailing head
by ATP allows the leading head to tilt forward, carrying the detached
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Figure 4 Model showing the role of two-headed attachment in the walking cycle of
myosin V. The trailing, nucleotide-free head of a telemark-shaped molecule binds ATP (a)
and detaches, relieving the axial strain in the molecule (b) and bringing the detached head
towards the next actin site (€). Dissociation of ADP completes the working stroke (d).
Attachment of the free head is quickly followed by loss of phosphate by actin activation,
and a tight binding develops (e). The detached head is shown in two conformations to
indicate the transitions to a weak binding, followed by a primed conformation indicated by
crystal structures of myosin Il heads??,
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head towards its next binding site. Rebinding could be facilitated by
the sharp angle induced between motor and lever arm on ATP
binding®, as this would resemble the structure we see for the
leading head. The shape of the leading head is the start of the
walking stride, and the trailing head the end.

The relationship between the working stroke of a single myosin V
head and the 36-nm walking stride of the two-headed molecule
requires clarification. As mentioned, the working stroke has been
estimated at ~20 nm in the laser trap'"*® and ~26 nm here. These
values fall well short of the ~36 nm span seen here, indicating that
some additional flexibility in the heads allows the detached head to
diffuse forward and attach further along the filament than the
working stroke has carried it. A stride of 36 nm correlates well with
the average steps (~34-38nm) measured in optical trap experi-
ments when a succession of steps is seen'’. This indicates that the
structural basis of stepping is a succession of strides between sites on
actin rather than the working strokes of the heads themselves. In
molecules attached by a single head, a variety of attachment angles is
apparent (Fig. 1e). After assignment of the actin polarity, some are
near the rigor angle, but others are found to be tilted in the same
direction as the lead head of the doubly-attached molecules, and
therefore appear to be molecules caught at the start of their working
stroke.

Note added in proof: The doubly attached conformation seen here is
similar to a recently published atomic model of this complex
extrapolated from crystal structure data of actin subunits and
myosin II heads in rigor and ADP—AIF, states”. O
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Small DNA lesions such as oxidized or alkylated bases are repaired
by the base excision repair (BER) pathway'. BER includes removal
of the damaged base by a lesion-specific DNA glycosylase, strand
scission by apurinic/apyrimidinic endonuclease, DNA resynthesis
and ligation’. BER may be further subdivided into DNA B-
polymerase (f3-pol)-dependent single-nucleotide repair and f3-
pol-dependent or -independent long patch repair subpathways®.
Two important enzymatic steps in mammalian single-nucleotide
BER are contributed by B-pol: DNA resynthesis of the repair
patch and lyase removal of 5’'-deoxyribose phosphate (dRP)’.
Fibroblasts from B-pol null mice are hypersensitive to mono-
functional DNA-methylating agents, resulting in increases in
chromosomal damage, apoptosis and necrotic cell death®’. Here
we show that only the dRP lyase activity of B-pol is required to
reverse methylating agent hypersensitivity in -pol null cells.
These results indicate that removal of the dRP group is a pivotal
step in BER in vivo. Persistence of the dRP moiety in DNA results
in the hypersensitivity phenotype of B-pol null cells and may
signal downstream events such as apoptosis and necrotic cell
death.

Several DNA polymerases can support single-nucleotide and long
patch BER DNA synthesis in vitro*’, indicating that other endo-
genous polymerases might functionally complement the (-pol
deficiency in B-pol null cells. However, B-pol null cells are hyper-
sensitive to the cytotoxic effects of the methylating agent methyl
methanesulphonate (MMS)?, indicating an absolute in vivo require-
ment for B-pol. Here we investigate this essential role of B-pol in
resistance to methylating agents.

We constructed B-pol minigenes’ to express Flag epitope-tagged
variants of the enzyme that have wild-type activity or are deficient in
polymerase activity, lyase activity or both (Fig. 1¢). These minigenes
were introduced into B-pol null cells and the resulting MMS
hypersensitivity phenotype was analysed. Cells expressing wild-
type B-pol (B-pol null/WT B-pol cells) were as resistant to MMS
as wild-type cells, whereas control cells expressing the neomycin
resistance gene (B-pol null/Neo cells) and untransfected cells were
hypersensitive to MMS (Fig. 1a and b). The roles of the carboxy-
terminal polymerase domain (relative molecular mass 31,000; M,
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