Influence of lever structure on myosin 5a walking

Olusola A. Oke?, Stan A. Burgess?, Eva Forgacs®, Peter J. Knight?, Takeshi Sakamoto®, James R. Sellers<,

Howard White®, and John Trinick®"

3Astbury Centre for Structural Molecular Biology and Institute of Molecular and Cellular Biology, University of Leeds, Leeds LS2 9JT, United Kingdom;
PDepartment of Physiological Sciences, Eastern Virginia Medical School, Norfolk, VA 23507; and “Laboratory of Molecular Cardiology, National Institutes of

Health, Bethesda, MD 20892

Edited by James A. Spudich, Stanford University, Stanford, CA, and approved December 30, 2009 (received for review June 22, 2009)

Using electron microscopy and image processing, we have observed
myosin 5a modified with lever arms of different lengths (four, six, and
eight calmodulin-binding IQ domains) and orientations walking along
actin filaments. Step lengths were dependent on lever length: 8IQ >
61Q > 41Q, which is consistent with myosin 5a having evolved to walk
straight along actin. Lead heads were mostly in the prepowerstroke
state, tethered there by the trail head. However, improved image
processing showed that in 5-10% of molecules the lead motor was
in the postpowerstroke state. This is a unique attached state of myo-
sin, where the motor domain has completed its powerstroke at the
expense of severe lever distortion, but with little cargo movement.
Postpowerstroke lead heads were seen in both wild-type and modi-
fied lever molecules, mostly where there was least strain. These data
allow the strain dependence of the equilibrium between pre- and
postpowerstroke conformations to be measured. Slow rates of ADP
dissociation observed from lead heads of these molecules can be
explained by the unfavorable equilibrium between the pre- and post-
powerstroke conformations preceding ADP loss.

actin | powerstroke | electron microscopy | kinetics | molecular motor

he myosin 5a molecular motor occurs widely and is especially

abundant in neurons, forming ~0.3% of brain protein (1). The
two heads in a molecule walk hand-over-hand along actin filaments,
pulling diverse vesicle cargoes (2). Heads attach to actin through
their motor domains, which also contain ATPase activity. Extend-
ing from the motor domains are levers that produce force and
movement by swinging through ~80°, brought about by movement
of the converter region of the motor domain (3). The ends of the
levers join at the tail, the other end of which binds cargo. The
myosin 5a lever consists of six IQ motifs that bind calmodulin
family light chains, which is among the longest in the 30 or so
myosin classes now known (4, 5). This extended length allows the
two heads to span the actin filament helical pseudorepeat of ~36
nm, which results in approximately straight walking along filaments.

Myosin Sa walks processively, taking many steps for each
encounter with an actin filament (6). By contrast, muscle myosin 2
attaches only briefly and takes single steps that are smaller, 5-10 nm
(7, 8). Processivity is thought to result from phosphate dissociation
from the lead head being much more rapid than ADP dissociation
from the trail head, a higher affinity of the M.ADP.Pi state for actin
than in myosin 2, and a slower rate of ADP release from the lead
head as a result of backward mechanical strain (9—14). This enables
the lead head to form the strongly bound A.M.ADP state before
ADP dissociation from the trail head, which allows the trail head to
bind ATP and dissociate from actin. Rate-limiting dissociation of
ADP from the trail head results in myosin Sa being strongly bound to
actin for more than 95% of its working cycle—a high so-called duty
cycle. The high duty cycle also facilitates study of the walking
mechanism (15); as a consequence, myosin 5a walking is now the
best understood of any myosin class.

Much progress in understanding the structure and dynamics of
myosin 5a walking has come from mechanical experiments and
electron microscopy on individual molecules. Single-molecule
mechanics showed that the head working stroke occurs in substeps of
20 and 5 nm that correlate with Pi and ADP release (3, 16, 17). The
high duty cycle allowed imaging of a myosin walking during ATPase.
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This was observed in actin filaments sparsely decorated with myosin
5a by negative stain electron microscopy, to a resolution of ~2 nm.
Single-particle image averaging of these data revealed that the heads
mostly bound 13 actin subunits apart (36 nm), which would result in
approximately straight walking, although some molecules were
attached 11 and 15 subunits apart (30 nm and 41 nm) (18).

Sparse decoration electron microscopy also showed that in the
doubly attached molecule the levers project from the back and front
of the lead and trail motor domains, respectively. This revealed the
different positions of the converter subdomain that cause the lever to
swing. This in turn showed that lead and trail motors were at the start
and end of their powerstrokes, (19). Subsequently, 3D cryo-electron
microscopy reconstructions were obtained of actin saturated with
single myosin 5a heads with AMPPNP or ADP.AIF, bound, which are
thought to show the prepower state; these models were at 4.2 and
5.4 nm resolution, respectively (20). The myosin 5a data remain the
only images of a myosin attached to actin in prepowerstroke con-
formation.

Movement of the head-tail junction produced by the lever of a
lead head swinging to become a trail head is ~#25 nm, but the step
distance is 36 nm (16). It is thought that the extra distance the new
lead head reaches through to find its binding site results from a
diffusive search for an actin subunit at a similar orientation to the
one bound by the trail head. This search is driven by Brownian
motion and means that the doubly attached molecule is distorted,
which is important for strain-dependent steps of the ATPase linking
the enzymatic and walking cycles. Lead and trail head shapes
compared with head crystal structures docked onto actin gave some
indication of the extent of the distortion. This seemed to be mainly
inthe lead head lever, either bending throughout its length, or at the
“pliant region” where it joins the motor domain, which is due to the
IQ a-helix melting locally (19).

Myosin 5a walking has also been explored in single-molecule
experiments with optical tweezers and fluorescence imaging with
one nanometer accuracy (FIONA) using mutant molecules in which
lever length was varied by adding or deleting IQ motifs and hence the
number of light chains bound. Mutant molecules were constructed
with levers composed of four or eight light chains, or six light chains
with two alanines inserted between IQs 3 and 4 to give ~180° rota-
tion between the two halves of the lever. The altered molecules were
found to move processively along actin filaments, although not as
well as the wild type (12, 21). There was also greater variability in
step size, especially in 81Q molecules (22).

Here we used electron microscopy and stopped-flow fluo-
rescence to study binding to actin of the same mutant myosin 5a
types as those used above. Step lengths were dependent on lever
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arm length: 81Q > 61Q > 61Q+2Ala > 41Q, which is consistent with
myosin 5a having evolved with 61Q domains to bind actin subunits at
similar azimuths to walk straight along actin. The rates of dis-
sociation of the fluorescent hydrolysis product deac-aminoADP
from the lead head were slowest from the wild-type molecule and
increased in the order 61Q < 8IQ ~ 6IQ+2Ala < 4I1Q. Improved
image processing of sparsely decorated filaments allowed whole-
molecule image averages to be produced, resulting in greater clarity.
This revealed a unique conformation of attached lead heads, which
shows severe curvature of the lead head lever resulting from the
motor domain having completed its powerstroke. Cargo movement
usually directly accompanies the powerstroke, and this unique
attached head shape demonstrates decoupling of these processes.

Results

Microscopy of Mutant Myosin 5a. Using negative staining electron
microscopy, mutant 41Q, 61Q+2Ala, and 8IQ myosin 5a molecules
were first examined not attached to actin and compared with wild-
type molecules. All of the preparations showed two-headed mole-
cules similar to the images of myosin 5a we reported previously (19)
and with apo head contour lengths increasing in proportion to the
number of IQ motifs (Table 1). A linear fit to the data (+* = 0.99)
indicates that the long axis of the motor domain is 8.8 nm and that
each IQ motif with calmodulin bound adds 3.8 nm.

Fig. 14 shows an actin filament with a wild-type myosin Sa mol-
ecule attached. Also bound are two separate N-ethyl-maleimide
(NEM)-treated myosin 2 heads (S1). NEM treatment makes the S1
bind strongly at the rigor angle of ~45°, pointing toward the “bar-
bed” end of the filament, and is not dissociated by ATP. This reveals
directly the filament polarity, which in turn shows the walking
direction of myosin 5a and thus which are the lead and trail heads in
the molecule.

Fig. 1 B-E were prepared using the polarity information and show
montages of wild-type and mutant molecules, all walking to the
right. As we previously reported, the appearance of attached wild-
type molecules is asymmetric and quite variable. Asymmetry arises
because the molecule appears skewed in the walking direction. This
is because the lead head generally appears bent, but this can either
be a sharp bend where the lever joins the motor domain, or a more
gradual bend throughout the lever. In the latter cases the lever is
bowed forward and away from the actin filament. Trail heads are
generally straighter, but in some cases the lever is bowed toward the
actin filament. A similar appearance of skewing in the walking
direction and mixtures of straight and bent levers was seen in all of
the mutant molecules but was most obvious in the 81Q construct.

Heads of doubly attached molecules were found on the same side
of actin filaments and spaced well apart in all cases. Attachment of
the heads to adjacent actin subunits, as occurs with myosin 2 (23),
was not seen; nor were molecules straddling both sides of an actin
filament. Approximately 40% of both wild-type and mutant mole-
cules attached by a single head, with the free head at a variety of
angles suggestive of hinging at the head—tail junction. There were
also some unattached molecules in the background. However, when

Table 1. Summary of WT and mutant myosin 5a properties

ATP was omitted, or after sufficient time for it all to be hydrolyzed,
there were very few unattached molecules, which demonstrates that
almost all of the myosin was competent to bind actin in an ATP-
dependent manner. ATP-free mixtures left for ~1 min before pre-
paring a grid showed bundling of the filaments, indicating cross-
linking by the myosin.

Determination of Step Length. Windowed images of doubly attached
molecules were brought into alignment and classified by single-
particle image processing. Images of walking to the left were mir-
rored and combined with those walking to the right. Classification
aims to achieve homogeneous image groups that can then be aver-
aged. The number of classes chosen depends on the variability in
appearance, with more variability requiring more images to achieve
homogeneity, as was the case here. Class averages containing more
than approximately 30 images of similar structure generally result in
greatly improved detail and signal-to-noise over raw images.
Averaging reveals the actin filament subunits, which become
clearly visible angled toward the barbed end of the filament (Fig. 2).
Subunits between the heads of attached myosin 5a can then be
counted directly to produce histograms of head-head spacing for the
different constructs (Fig. 2). The wild-type histogram had three
peaks, with the major central peak corresponding to heads binding 13
actin subunits apart (77% of molecules). However, there was some
binding 11 and 15 subunits apart (13% and 10% of molecules,
respectively), that is, to the adjacent subunits on the same long-pitch
actin helix. These data are similar to what we reported previously and
demonstrate that myosin 5a heads span approximately the pseudor-
epeat of the actin filament helix; they are therefore consistent with the
molecule walking approximately straight along actin filaments (18).
Image averaging and classification produced only two step lengths
for each mutant molecule type (Fig. 2, black bars and Insets). Thus,
8IQ heads were mainly (74%) 15 subunits apart, with a minority
(26%) spaced by 13 subunits. 4IQ heads were spaced 11 (87%) and 13
(13%) subunits apart. 61Q+2Ala molecules attached 11 (40%) and
13 (60%) subunits apart. However, there was evidence in measure-
ments from the raw images of wider step distributions (Fig. 2, gray
bars) that were more similar to those determined by optical tweezers
and FIONA (12, 21). The absence of class averages with heads spaced
other than 11, 13, and 15 subunits was probably due to the small
numbers of molecules at extreme separations or variable appearance.

Details of Attached Head Shape. Image averaging also revealed
detail in the myosin attachment. In our previous work;, lead and trail
heads were windowed and averaged separately, but we have now
been able to average entire molecules (Fig. 2, Insets). Lead and trail
motor domains both appear similar, with each binding slightly
toward the barbed end of its actin subunit, which is consistent with
an unchanging stereospecific attachment. The motor domains of
both wild-type and mutant molecules mostly have a roughly trian-
gular profile, which results because the SH3 domain is a distinctive
protrusion at the front in this view (19). The levers are visible in the
averages but are less distinct owing to their variable shapes.

Construct Head length (nm + SD) Trail head k (s")* Lead head k (s")* Ifast/Itotal observed* let/liotar calculated™ K¢ (n)* K (n — 2)
S1 — 0.49% — — — — —
41Q 235+19 0.55 0.17 — — — —
61Q+2Ala 320+ 3.3 0.44 0.041 0.73 0.70 ND 0.63 (11)
8IQ 39.2 +4.0 0.50 0.04 0.72 0.63 ND 0.85 (13)
61Q 31.8 + 2.8 0.49 0.015 0.56 0.57 0.02 (13) 0.81 (11)

*Data from Fig. S1.

"Fraction of the ADP molecules expected to dissociate rapidly = 0.5 + (nj2)/2, where nj; is the mole fraction bound with lowest strain.
*Equilibrium constant (K.) between pre- and postconformations at the most common head spacing (n) and at two subunits less separation on the actin genetic helix (n —2).

SSee ref. 25.
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Fig. 1.
NEM-treated myosin 2 heads, one of which is indicated (arrow). These demon-
strate the polarity of the actin filament. (Scale bar, 50 nm.) (B—E) Montages of
wild-type and mutant myosin 5a HMM molecules bound to actinin 0.5 uM ATP, all
walking to the right. (B) 81Q, (C) wild type, (D) 2Ala-61Q, (E) 41Q. (Scale bar, 25nm.)

(A) Wild-type myosin 5a walking in ATP. Also attached are two single

The asymmetric appearance of attachment results because the
forward-pointing lever of the trail head emerges nearly overlapping
the SH3 domain, which gives the whole trail head a relatively straight
appearance. Because of the different position of its converter, in the
prepowerstroke position, the lead head lever emerges from the rear
of its motor domain and is also angled backward. The lead head SH3
domain therefore protrudes alone at the front, giving the lead head
the appearance of being bent at the motor domain/lever junction. The
motor domains of the mutant molecules all showed these features.

Postpowerstroke Lead Motors. We previously showed that in the
majority of cases the lead head lever projected from the rear of its
motor domain, demonstrating that the lead converter was in the
prepowerstroke state (18, 19). This conclusion remains unchanged
and is important because there are still very few structural data
about myosin heads attached to actin at the start of the powerstroke.
However, a more detailed analysis revealed a different attached
head state in a small proportion of lead heads. Fig. 34 shows seg-
regation of the wild-type molecules into subclasses and reveals that
in a fraction of cases (asterisks) the lead head lever emerges from
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Fig. 2. Details of stepping. Histograms show motor domain separation in
raw images (gray bars) and image averages (black bars). Raw image dis-
tances were measured between motors using SPIDER. Distances between
heads in image averages were measured between the attached actins.
(Insets) Class averages obtained by segregating images according to motor
separation. Classification used reference-free methods after windowing and
aligning myosins attached by both heads. (Scale bar, 50 nm.)

the front and then bends strongly backward over the motor domain.
This indicates that in these molecules the converter was in the po-
stpowerstroke position, as in trail heads.

This behavior was seen in approximately 7% of wild-type lead
heads and mainly occurred in short, 11-actin-subunit steps. We
considered the possibility that the postpowerstroke conformation
was produced by calmodulin dissociation, but it was also observed in
the presence of excess (2 pM) calmodulin. Similar behavior was also
observed in a small proportion of the mutant image averages, in the
short step classes of the 8IQ and 61Q+2Ala constructs (Fig. 3 B and
C). These image classes therefore demonstrate a unique type of
myosin cross-bridge behavior. The extra flexibility of the long
myosin 5a lever, compared with other myosins, allows the lead head
converter transition without detachment of the trail head. This
occurs at the expense of severe distortion of the lead head lever near
the motor. It was also accompanied by a small forward movement of
the head-tail junction, estimated in the range 2-6 nm.

Kinetics of ADP Dissociation. ADP dissociation from lead and trail
heads was investigated using the ATP analog deac-aminoATP and
double-mixing stopped-flow fluorescence. Construct was mixed
with deac-aminoATP and, after a delay for substrate binding and
hydrolysis to be completed, was then mixed with actin containing
2 mM ADP to measure a single turnover of product dissociation.
The large (x20-fold) fluorescence reduction of deac-aminoADP
when released allows accurate measurement of rates (24, 25).
Product dissociation of wild-type myosin 5a-deac-aminoADP.Pi
mixed with actin is biphasic, with the fast phase from the trail head,
0.5 s, the same as from unstrained single heads. The slow phase
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Fig. 3. Subclasses of (A) wild-type, (B) 61Q+2Ala, and (C) 81Q molecules bound
11, 13, and 15 actin subunits apart. (Upper) Straight lead levers in pre-
powerstroke conformation. (Lower) Curved lead levers, some attached to a
motor in postpowerstroke conformation (asterisks). (Scale bar, 50 nm.)

from the lead head is ~30-fold slower, 0.015 s™' (Table 1 and Fig.
S1), consistent with our earlier report (25).

Rates of product dissociation from the mutant trail heads were all
similar, but those from lead heads varied in the order 61Q < 8IQ ~
6IQ+2Ala <4IQ (Table 1 and Fig. S1). For each myosin it would be
expected that the rate of deac-aminoADP dissociation might vary
with strain differences in the slightly different step lengths shown in
Fig. 2, and that there would therefore be more than the two rates
from single populations of trail and lead heads. This may be
reflected in the deviations from the double exponential fits shown by
the nonrandom residuals in Fig. S1. However, any differences were
insufficient to allow determination of the rates of the individual
processes, which were dominated by the largest amplitudes.

Discussion

Myosin 5a has one the longest levers in the 30 or so myosin classes
now known. This allows its heads to span the actin filament 36-nm
helical pseudorepeat and thereby walk approximately straight.
What functional advantage straight walking confers on myosin 5a
is still not clear, but it may avoid collisions of vesicle cargos, for
example with membranes where actin filaments run close to these.
It may also enable transport along bundles of actin filaments where
following a helical track is impossible.

The 36-nm steps result from a strong preference of the lead head
to attach to an actin subunit at an azimuthal angle similar to the one
bound by the trail head. These steps span 13 actin subunits, and the
main deviations from this are to adjacent subunits along the same
long-pitch actin helical strand, producing 30- or 41-nm steps (18).
The less frequent attachments are to subunits rotated only +28°,
assuming 13/6 filament symmetry. The data therefore suggest that
the working stroke of myosin 5a lies along the actin filament axis,
placing the detached head at an appropriate azimuth for straight
walking. The mutant molecule data thus provide further evidence
for the conclusion that myosin 5a evolved to walk straight.

Considerations of myosin 5a walking have usually assumed a 13/6
actin filament helix; however, the observed distance between the
points where the long-pitch helices cross varies by ~20%, indicating
substantial departures from exact helicity (26). This disorder was
modeled and proposed to result from rotational freedom between

2512 | www.pnas.org/cgi/doi/10.1073/pnas.0906907107

successive actin subunits (27). The distribution of myosin 5a binding
sites may therefore be affected by conformational flexibility in the
actin filament. Binding of the second head may thus apply a torque
to the filament, so that attachments to 11 or 15 subunits apart are
rotated less than the 28° predicted for a 13/6 helix. Consistent with
this type of interpretation, the step distributions of the mutants in
Fig. 2 are in good agreement with those predicted from a mecha-
nochemical model of stepping that included up to 5° departures in
the subunit arrangement from 13/6 symmetry (28).

Our step-size histograms from native myosin Sa are similar to those
reported from optical tweezer and FIONA data (12, 22) but are
somewhat narrower than those obtained from mutant molecules with
these methods. Some of these differences may have resulted from
greater noise in the tweezer and FIONA measurements, but these
histograms also peaked further from the predominant native mole-
cule steps of 36 nm. 41Q molecules were reported to have ~26-nm
steps (=10 nm), which indicated heads spaced at nine or seven actin
subunits that might reach around the actin filament by ~60° or even
90° (12). FIONA data from the 8IQ mutant showed variable steps
from 11 to 20 actin subunits (21, 22). The narrower stepping range
seen by microscopy may have been because molecules taking extreme
steps were so distorted as to be unrecognizable, perhaps because of
increased flexibility in the mutant molecules.

Two Alanine Mutant. The mutant with two alanine residues inserted
after the third IQ (6IQ+2Ala) still bound mostly 11 or 13 actin
subunits apart, similar to wild-type molecules, although the dis-
tribution was skewed toward shorter steps. This was unexpected
because if the heavy chain o-helix continued through the added
residues, the two halves of the lever will have been mutually rotated
by approximately half a turn. The free head would then be expected
to be turned away from the actin filament, impeding its rebinding as a
lead head. Construction of the 4IQ and 8IQ mutants should also
have inserted a 120° turn between the lever ends. That all these
alterations had little effect on processivity may thus provide addi-
tional evidence that heads can rotate about their long axis at the
head-tail junction to facilitate attachment to actin. Electron micro-
scopy consistent with such behavior has previously been reported for
myosin 2 (29, 30), and free movement of the detached head over a
wide range during stepping has been reported for myosin Sa (17).

Alternatively, it may be that the insertion of the two alanines dis-
rupted the IQ a-helix, resulting in flexibility. Sharp kinks in the middle
of the lever suggestive of flexibility were not seen in either the actin-
bound or free molecules of this mutant. However, the 61Q+2Ala
mutant studied by FIONA walked with a wider distribution of steps,
suggestive of increased flexibility (22); it also gave a working stroke
approximately half that of the wild-type molecule, again suggesting
lever flexibility under load (21). Overall, the data suggest the lever is
unbroken but weakened by this insertion.

Step Length Distribution. The step lengths distributions were used to
calculate the relative free energies of attachment, AAG®, of the
different molecules. Curves through the data were fit to the equa-
tion for a Hookean spring, AAG® = 0.5 x k(i — B)? + C, where i is the
number of subunits between the bound heads (equal to 2.75i nm), k
is the spring constant, B is the distance of minimum energy for each
mutant, and Cis a constant (Fig. S2). The data were fit by allowing
the values of k and B to vary for each construct. Within experimental
error, values for k (0.28 + 0.07 kcal/mole)/(actin subunit)® and C
(0.26 kcal/mole) were the same in all cases. The distances fit to B are
10.7 (41Q), 12.3 (61Q+2Ala), 12.8 (61Q), and 14.3 (8IQ) actin
subunits. The spring constant translates to an apparent stiffness of
0.26 pN/nm per molecule, which can be compared with the rather
wide range of values reported for the stiffness of skeletal acto-
myosin cross-bridges (0.6-3.0 pN/nm) (31-34) and for single myosin
5a heads, 0.2 pN/nm (10). Note that the apparent stiffness we
obtained is a measurement of the flexibility of the lead head binding
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irreversibly to actin and contains both linear and twist terms, which
is not the same as the stiffness of a single bound head.

Postpowerstroke Lead Motors. The postpowerstroke lead head is an
alternative attached state of myosin. In it the converter completes
its movement, but the lead head lever severely distorts to accom-
modate this, with only small forward movement of the head-tail
junction. Thus the lead head is in a very different conformation
from the postpowerstroke trail head, and an attached cargo would
be largely unmoved by the converter transition. Incidence of this
behavior was strongly dependent on step length (Table 1). It was
seen in 7% of all wild-type molecules but not at the maximum 15-
actin-subunit spacing. It was most common in heads spaced by 11
subunits (45%) and was much less frequent (2%) at the 13-subunit
spacing. The latter figure corresponds to K. ~0.02 between the
pre- and postpowerstroke converter positions when the heads are
at the most common 13-subunit separation.

It is reasonable to postulate that ADP is released only from
postpowerstroke lead head motors and that release from the pre-
powerstroke state can be neglected. We have assumed that the
equilibrium between the pre- and postpowerstroke conformations is
rapid and small, but our data would also be consistent with a model in
which a slow conversion between the pre- and postpowerstroke
conformations limits ADP dissociation. An equilibrium constant of
0.02 would be expected to reduce the rate of deac-aminoADP dis-
sociation from the lead head from ~0.5 s~! to ~0.01 s™', which is in
good agreement with the measured value of 0.015 s for wild-type
myosin 5a. The equilibrium constant of 0.005 expected from previous
measurements of ADP dissociation from lead heads (25) is only 4-
fold smaller and is still in reasonably good agreement. K. increases to
~0.8 in 11-subunit steps, which corresponds to a more favorable free
energy of —2.4 kcal/mole for the pre- to postpowerstroke transition.
It also indicates that the deac-aminoADP dissociation rate will only
be reduced to 0.22 s, making lead heads at this spacing kinetically
indistinguishable from the fast, trail head population. The depend-
ence of K, on step length leads to an estimate that 5.6 pN is required
to drive lead heads from postpowerstroke to prepowerstroke. This is
comparable to the force (3-5 pN) required to make myosin 5 take
backward processive runs (35).

Postpowerstroke lead motors were also observed in subclasses of
the 61Q+2Ala (17%) and 81Q (10%) mutant molecules, mainly at
the 11- and 13-subunit separations, respectively (Fig. 3 B and C). The
fact that they were mainly found in shorter steps suggests that their
occurrence depends critically on the internal strain with both heads

attached to actin. It is therefore not surprising that the powerstroke is
most readily completed where the force to overcome is lowest.

It is possible that slowing dissociation of ADP from the lead heads
assists both processive motion and the thermodynamic efficiency of the
motor. Fig. 4 shows key intermediates of the chemical and mechanical
pathways. Processive movement will be maintained as long as at least
one head has an empty active site or ADP bound (states 1-5). State 5
is partitioned between states 1 and 6 in the ratio of the rate constants of
phosphate and ADP dissociation from state 5 (ks_.1/ks_). This favors
state 1 by >20-fold in the native molecule. Flux through states 11 and
12 is reduced to a low level in the native molecule and in the mutant
molecules by the slow rates of ADP dissociation from the lead head
(19-11 and 210—-12).

Image averages showing both pre- and postpowerstroke lead
motors suggest an equilibrium between these states, which is con-
sistent with the idea that myosin 5a is distorted and under tension
when attached by both heads. This also suggests that the unfavor-
able equilibria (K,_jp and K;_¢ << 1 in Fig. 4) between the pre- and
postpowerstroke conformations produced by strain from the
attached trail head is what reduces the rate of ADP dissociation
from the lead head. Such a model suggests that ADP dissociation
from postpowerstroke lead motors occurs at a rate similar to the
unstrained ADP dissociation from the trail head, or from single
myosin 5a heads attached to actin. The model also predicts that in
less strained steps (i.e., 11 subunits apart for wild type and 61Q-2Ala
and 13 for 81Q) where the equilibrium constant between pre- and
postpowerstroke conformations is near 1, ADP dissociates at rates
similar to those of single-headed myosin 5a. As a result, the
observed fraction of ADP rapidly dissociating from 8IQ and 61Q
+2Ala is expected to increase relative to wild type. Comparison of
the two right-hand columns in Table 1 shows that the observed
fractions of rapidly dissociating ADP are in good agreement with
those calculated from the fraction of trail heads plus lead heads in
less strained conformations.

A similar equilibrium between pre- and postpowerstroke lead
motors was recently proposed, based on “traveling wave tracking” of
a bead attached to the myosin Sa tail, using optical tweezers (36).
Reversible 5-nm forward movement was observed as the first part of
the walking step, which is comparable to the 2—-6-nm movement of
the head-tail junction produced by the transition seen here. The
main movement observed would then occur after detachment of
the trail head after it binds ATP (steps 3—4—5—1 in Fig. 4). Also
consistent with the unique postpowerstroke lead head con-
formation in Fig. 3 are recent brief reports of high-speed atomic
force microscopy (AFM) images of myosin 5a walking (37, 38).

3 Fig. 4. Principal intermediates of the hydrolysis
H mechanism. Solid arrows joining states 1-5 indicate
the principal processive pathway. Intermediates in
the box show the prepowerstroke (1 and 2) to
postpowerstroke (9 and 10) change. Dashed

NI g

Oke et al.

arrows (1-9-11-5) are a “futile pathway” that
hydrolyzes ATP without stepping. Dotted arrows
indicate side paths (5—8, 2—8, and 11-8) leading
to dissociation and termination of processivity.
Rapidly binding and dissociating lead heads are
indicated by t. T, ATP; D, ADP; P, phosphate.
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These articles reported strong and reversible bending of the lead
head lever just before trail head detachment and the main forward
movement, although the resolution of the AFM was not sufficient to
show whether the bending resulted from converter movement.
There is thus now substantial evidence that in doubly attached
myosin 5a the lead head undergoes a strain-dependent conforma-
tional change between pre- and postpowerstroke positions of the
converter, accompanied by only small movements of cargo.
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ADP or ATP present to AMP. F-actin in stopped-flow experiments contained
a 2-mM ADP chase and was treated for 1 h with 1 mM glucose and 0.1 U/mL
hexokinase to remove any contaminating ATP.

Proteins used in electron microscopy were diluted into 25 mM KCl, 10 mM
Mops, 1.0 MM EGTA, 1.0 mM MgCl,, and 2 mM K-phosphate, pH 7.0, at room
temperature. Myosin 2 heads (S1) used to reveal the actin filament polarity were
treated with NEM as previously described (39). Microscopy specimens were
made by mixing 0.4 pM NEM-S1 in 2 pM ATP with an equal volume of 0.2 M
myosin 5a-HMM; this was then mixed with an equal volume of F-actin (1-2 pM)
to give a final concentration of 0.5 pM ATP, 0.1 pM NEM-S1, 0.1 uM HMM, and
0.5-1 pM actin. This solution was applied to carbon-coated grids and stained as
previously described (40) using 1% uranyl acetate within 10-15 s. Images were
recorded at a nominal magnification of 40,000%, and whole micrographs were
digitized as 16-bit images using an Imacon Flextight 848 (Imacon A/S) scanner
with a pixel size corresponding to 0.53 nm at the specimen. Image averages were
produced by alignment and K-means clustering classification using SPIDER
software (41). Double-mixing stopped-flow fluorescence was as previously
described (24, 25).
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