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Myosin motors drive muscle contraction, cytokinesis and
cell locomotion, and members of the myosin superfamily
have been implicated in an increasingly diverse range of cell
functions. Myosin can displace a bound actin filament sever-
al nanometers in a single interaction. Crystallographic stud-
ies suggest that this ‘working stroke’ involves bending of the
myosin head between its light chain and catalytic domains.
Here we used X-ray fiber diffraction to test the crystallo-
graphic model and measure the interdomain bending dur-
ing force generation in an intact single muscle fiber. The
observed bending has two components: an elastic distortion
and an active rotation that generates force. The average bend
of the force-generating myosin heads in a muscle fiber is
intermediate between those in crystal structures with differ-
ent bound nucleotides, and the C-terminus of the head is dis-
placed by 7 nm along the actin filament axis compared with
the in vitro conformation seen in the absence of nucleotide.
Myosins are characterized by a well-conserved catalytic domain
(Fig. 1, red) that binds to the actin filament (gray, brown) and
hydrolyzes ATP. A small ‘converter’ domain (green) links the cat-
alytic domain to an extended light chain domain containing a long
helical segment (blue) that binds calmodulin or the closely related
myosin light chains (yellow, magenta)'->. The converter and light
chain domains are thought to act together as a lever arm in the
motor mechanism*®. The lower conformation in Fig. 1 (light blue
long helix) shows the crystallographic structure of the catalytic,
converter and light chain domains (referred to collectively as the
myosin head) with no nucleotide in the active site' docked onto
the actin filament using cryo-electron microscopy data®. The
upper conformation (dark blue long helix) was calculated from
the structure of a head fragment with the ADP+Pi analog,
ADP-AIF,, in the active site®, under the assumption that the inter-
face between the catalytic domain and actin is the same as in the
nucleotide-free state. According to this model, release of ADP and
Pi from the active site of myosin produces a working stroke that
moves the tip of the lever arm 10.6 nm along the actin filament.

Testing the crystallographic model in a muscle fiber

In active muscle the myosin heads crosslink the actin and myosin
filaments (Fig. 2a, gray and blue, respectively). The heads emerge
from the myosin filament backbone with a regular 14.5 nm peri-
odicity, giving rise to an intense X-ray reflection, called M3, which
signals their conformation'*-'%. The intensity of the M3 reflection
(Iy) was used to measure the bending angle between the light
chain and catalytic domains. I;; was calculated from the mass pro-
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Fig. 1 Atomic model for the working stroke in the myosin motor.
Gray/brown, actin filament; red, myosin catalytic domain (residues 1-707);
green, converter domain (residues 711-781); blue, long helix (residues
781-843); yellow, essential light chain; magenta, regulatory light chain.
The lower myosin structure (light blue long helix) shows skeletal muscle
myosin' bound to actin in a conformation determined by cryo-electron
microscopy in the absence of ATP4; the upper myosin structure is derived
from a smooth muscle myosin fragment with ADPeAIF, in the active site®.
The catalytic domain of the ADPeAIF, bound structure was superimposed
on that of the nucleotide-free structure using residues 173-176, 187-199,
247-254, 262-268, 457-463 (root mean square deviation 0.057 nm); only
the nucleotide-free catalytic domain is shown. The orientation of the light
chain domain in the ADPeAIF, structure was determined by superimposing
residues 711-731 and 738-780 of the converter-light chain domain com-
plex from the nucleotide-free structure onto the corresponding converter
residues in the ADPeAIF, bound structure, assuming that the
converter-light chain complex moves as a rigid body 7-°. The M-line of the
half-sarcomere is at the top. Residue numbers refer to chicken skeletal
myosin. This figure was prepared with Molscript262” and Raster3D2.

jections of the crystallographic structures onto the filament axis
(Fig. 2b). Iy, for a general angle of interdomain bending is shown
in Fig. 2¢, where the horizontal axis shows the displacement (z) of
the tip of the lever arm produced by the bending. The tip of the
lever arm is also the junction between the myosin head and the rod
domain which forms the backbone of the myosin filaments, so z
can be related to the relative sliding between the myosin and actin
filaments. z = 0 corresponds to the nucleotide-free structure (filled
circle), which has a similar value of I,;; as the ADP-AIF,” structure
(z = 10.6 nm; filled square). Intermediate bends give a larger L,
and the maximum value is at z = 5.4 nm, where the centroids of
the lever arm and catalytic domains have the same axial coordi-
nate, giving the narrowest axial density distribution (Fig. 2b).

We used X-ray fiber diffraction to test this model by measuring
the changes in I;; that accompany force generation in active single
muscle fibers. We applied rapid length changes to the fibers to pro-
duce sliding between the actin and myosin filaments, and calculat-
ed the displacement of the myosin head—rod junctions (Az) from
the imposed filament sliding, taking into account the elasticity of
the filaments'*"7. Then we compared the measured changes in Iy,
and Az with those expected from the crystallographic model (Fig.
2¢). To make the tests of the model as definitive and demanding as
possible, we improved the protocols used in previous fiber diffrac-
tion experiments!''-14. We used a time resolution of 100 Ls to elim-
inate the effects of myosin head detachment from actin, and
devised multiple length step protocols in which filament sliding
could either be imposed from the steady state of active isometric
contraction or at the end of the working stroke.

Changes in M3 intensity produced by rapid length steps

An experimental protocol incorporating these features is shown
in Fig. 3. Here a shortening step complete in ~150 Us was
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Fig. 2 Conformational changes in the myosin head produced by a length step in the muscle sarcomere. a, Actin filament, gray; myosin catalytic
domain, red; myosin lever arm and filament, blue, with the lighter shade representing conformations after a shortening step Az. b, Mass density dis-
tribution of the myosin heads projected onto the filament axis for the two crystallographic conformations in Fig. 1 and an inte rmediate conforma-
tion in which the displacement (z) of the myosin head-rod junction with respect to the nucleotide-free conformation4 was 5.4 nm. The axial
co-ordinates of the catalytic domains have been superimposed and the zero denotes the axial co-ordinate of residue 843 in the nucleotide-free struc-
ture. ¢, Dependence of the intensity of the M3 X-ray reflection (ly3) on z, with no conformational disorder (solid line; filled circle and filled square
show the two crystallographic conformations), and for a Gaussian z dispersion of 2 nm (dashed line; filled triangles, filled diamond, open circle and
open square correspond to five time points in the experiment in Fig. 3; see text for details).

imposed on an active muscle fiber, followed 1 ms later by a
stretch of the same size. This length change cycle was repeated at
50 ms intervals, and the force produced by the fiber before each
shortening step had the same value as the isometric force seen in
the absence of length steps (superimposed traces in Fig. 3a). Iy
before the shortening step (Fig. 3d, filled circles) had the same
value as in the absence of length steps (dashed line).

During the 150 us shortening step, the region of the muscle
fiber illuminated by the X-ray beam shortened by 5.5 nm per half-
sarcomere (hs) (Fig. 3b). The half-sarcomere is the fundamental
functional unit of the muscle cell, comprising a set of myosin fila-
ments anchored at the M-line overlapping with a set of actin fila-
ments anchored at the Z-line (Fig. 2a). Thus each set of actin and
myosin filaments slid together by a distance of 5.5 nm, and the
measured force decreased from the value seen in the absence of
applied length steps, called T, to 0.25 T, (Fig. 3¢c). On average,
2.1 nm of the imposed length change is taken up by filament elas-
ticity (0.75 T, X the effective filament compliance'*'7, 2.8 nm T;"!),
so the length perturbation at the myosin heads, Az, was -3.4 nm.
This produced little change in I;; — at the end of the step I;; was
only 6 = 6% (standard deviation, s.d.) larger than before it
(Fig. 3d), suggesting that z had moved across the peak of the rela-
tion between I;; and z (Fig. 2¢). The mean change in I;; was best
fit with z = 7.2 nm before the step (filled triangle, Fig. 2¢) and z =
3.8 nm after it (filled diamond, Fig. 2¢).

In the 1 ms period after the shortening step, the force recov-
ered to 0.66 T, (Fig. 3¢), as a result of the working stroke in the
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actin-attached heads'®". This force increase re-extended the fila-
ments by 1.1 nm, and each half-sarcomere shortened by 0.9 nm
in the same period (Fig. 3b), so z decreased to 1.8 nm (Fig. 2c,
filled inverted triangle). Iy;; decreased during this period (Fig.
3d), as expected from the Iy;;-z relation (Fig. 2¢).

When a stretch was applied after the working stroke was largely
complete, 1 ms after the shortening step, the force increased, then
recovered towards its isometric value (Fig. 3¢). The first few ms of
this recovery are associated with the reversal of the working
stroke?. I;; increased during the stretch (Fig. 3d), as expected for
the change of z from 1.8 nm to 4.8 nm (open circle, Fig. 2¢) on the
steep ascending limb of the Iy;-z relation. There was little further
change in Iy;; during force recovery, as expected for the further
increase of z to 6.8 nm (open square, Fig. 2¢), across the peak of the
I3~z relation.

Thus the crystallographic model reproduces the marked
asymmetry between the synchronous I;; response to stretch and
the delayed response to shortening.

Myosin head detachment after length steps

One feature of the Iy; response in Fig. 3d (filled circles) is not
predicted by the crystallographic model (open circles). ; in the
period 1-5 ms after the stretch was 13 £ 6% (s.d.) less than its
isometric value. The deficit is probably due to detachment of
some of the myosin heads from actin, since detached heads make
little contribution to Iy; in active muscle?!. Iy is already lower
than expected 1 ms after the shortening step, so the detachment

483



#4 © 2000 Nature America Inc. ¢ http://structbio.nature.com

#2 © 2000 Nature America Inc. * http://structbio.nature.com

letters

Fig. 3 Changes in force and the intensity of the M3 X-ray reflection (Iy3)
produced by a shortening step and stretch separated by 1 ms during
active contraction. a, Superimposed slow timebase force records in the
presence and absence of the 40 length change cycles imposed at 50 ms
intervals. Fiber cross-sectional area was 22,200 um?2 and its length was
6.75 mm; the mean sarcomere length in the 2.10 mm segment was
2.09 um. Changes in b, segment length and ¢, force in the same fiber as
part (a), sampled at 10 us intervals, in the first part of the first length
change cycle, and d, Iy; (filled circles, in 100 us time bins) from 402 tetani
in 14 fibers; the noise is predominantly due to the small number of dif-
fracted X-ray photons in each time bin. The length change measured
1 ms after the start of the shortening step in these fibers was
6.36 £ 1.12 nm hs' (mean £ s.d.). Dashed line: ly; without applied length
changes in the same fibers (48 tetani). Open circles were calculated from
the dashed line in Fig. 2c with z;;, =7.2 nm.

rate may be faster than 1,000 s'. Iy;; had fully recovered by the
start of the next 50 ms cycle.

Measurements of sarcomere stiffness'® also suggest that some
myosin heads detach from actin after a length step??. During a sec-
ond length step applied 1 ms after a shortening step of ~5 nm hs-,
stiffness was 96 + 3% (s.e. of mean, 6 fibers) of that in the first step.
Allowing for filament compliance'*'?, the fraction of myosin
heads attached to actin during the second step is ~92% of that in
the first. Axial X-ray intensities are proportional to the square of
the number of coherent diffractors, so I; should be reduced by
~16%, similar to the observed deficit of 13%.

We conclude that detachment of myosin heads from actin after
the shortening step can explain the I;; deficit. The value of z, and
thus the conformation of the myosin heads during isometric
contraction is most reliably estimated from the change in Iy;
during the first length step, when detachment is negligible'.

Myosin head conformation in isometric contraction
According to this criterion, the value of z during isometric con-
traction (z;,) can be estimated as 7.2 nm from the experiment in
Fig. 3. Another experiment, with Az = - 2.2 nm, gave z;, = 7.4 nm.
When a 5 nm stretch was imposed from the isometric state'?,
Az was + 2.3 nm and Iy; decreased by 25%, giving z;, = 6.2 nm.
We conclude that z, is ~7 nm. The isometric conformation of the
myosin head is intermediate between the nucleotide-free (z = 0)
and ADP-Pi (z = 10.6 nm) conformations in the crystallographic
models.

This value of z, is an average over a distribution of head con-
formations with different bend angles between the light chain
and catalytic domains. This distribution was modeled as a
Gaussian distribution of z with a standard deviation of * 2 nm,
which is large enough to allow almost all the myosin heads to
attach to actin, since an actin monomer is available every 5.5 nm
along each strand of the actin filament. The normalized Iy;-z
relation for this Gaussian distribution of z (Fig. 2¢, dashed line)
is similar to that in the absence of conformational disorder (solid
line). Thus, the fractional change in I; is effectively indepen-
dent of the conformational disorder that is likely to be present in
the muscle fiber'>'*. Furthermore the present results are not con-
sistent with a mixture of the two crystallographic conformations
during isometric contraction, which would produce much
smaller fractional changes of I; following length steps than
those observed.

Double step experiments

As a critical test of the above approach and conclusions, we applied
two shortening steps separated by 1 ms, but reduced the amplitude
of the first to 2.5 nm hs™' (Fig. 4). If z;, is ~7 nm, as we concluded
in the previous section, then z should decrease from ~7 to ~5 nm
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after the first step. This should not produce much change in Iy,
(Fig. 2¢), but it should leave the myosin heads in a conformation
where further shortening in the second step would produce a large
decrease in Iy;. As expected, Iy; was roughly constant during the
first shortening step and during the subsequent 1 ms of force
recovery (filled circles, Fig. 4c). However I;; decreased substan-
tially during the second shortening step, in contrast to the
response to a similar size shortening step from the isometric state
(Fig. 3d), in which the I;; decrease was delayed until the rapid
force recovery phase. This difference in the kinetics of the Iy;
response is also expected from the Iy;-z relation (open circles in
Figs. 3d, 4c). The fiber was returned to its original length by
sequential 6 and 2.5 nm stretches. Despite the low value of Iy;
before the second 2.5 nm stretch, presumably due to detachment
of some myosin heads from actin as discussed above, the second
stretch produced no significant change in Iy;. This is also expected
from the Iy;;-z relation (open circles, Fig. 4c). Thus these double
step experiments provide strong support for the isometric confor-
mation of the myosin heads described in the previous section.

Structure-function relation of the myosin head

Bending of the myosin head and the corresponding changes in z
have two functional components'’. Active rotation of the lever
arm is likely to be coupled to release of hydrolysis products from
the active site (Fig. 1), but the myosin head is an elastic struc-
ture!>!4, and passive rotation of the lever arm may also occur in
response to external stress. The structural basis of myosin head
elasticity is unknown and we have analyzed the I, transients
under the simplest assumption that both the passive and active
rotations can be represented as bending between the lever arm
and catalytic domain. The present approach cannot eliminate
alternative possibilities, for example, an elastic element at the
actin interface of the myosin head, or distributed along the lever
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arm'%. The present conclusions are insensitive to the location of
myosin head compliance.

The elasticity of the myosin head is central to our analysis, and
has general functional significance in allowing force generation in
the absence of filament sliding. The average elastic strain in the
head during isometric contraction corresponds to an axial dis-
placement of the head—rod junction by ~2.3 nm'*. Consequently,
of the total 7 nm displacement of the myosin head-rod junction
between isometric contraction and the nucleotide-free state,
~5 nm is due to active tilting of the lever arm.

Methods

X-ray diffraction. X-ray measurements were made on single fibers
from anterior tibialis muscles of Rana temporaria, at 4 °C, using sta-
tion 16.1 of the CLRC Daresbury laboratory with a monochroma-
tor/mirror X-ray camera and two-dimensional gas-filled detector
3 m from the fiber?. X-ray exposure was limited to data acquisition
periods by a fast shutter. Detector output at 512 x 512 resolution
was accumulated in 100 us time bins in histogramming memory,
with a 10 us dead time between adjacent time bins. Data analysis
used BSL and XOTOKO software provided by CLRC via Collaborative
Computational Project 13 (CCP13). After correcting for detector
response and camera background, the intensity of the M3 reflection
(Iys) was calculated by integrating the diffraction pattern between
reciprocal spacings 1/53 nm' on either side of the meridian (parallel
to the fiber axis) and fitting and subtracting a linear background
between 1/17.0 and 1/12.7 nm' along the meridian. There were no
detectable changes in meridional or cross-meridional width of the
reflection during the length changes.

Mechanical measurements. Mechanical measurements were
made simultaneously on the same fibers used for the X-ray mea-
surements'224, Length steps of ~0.15 ms duration were applied by a
moving coil motor. Force was measured with a capacitance gauge
transducer. The average sarcomere length in the ~2 mm segment of
the fiber illuminated by the X-ray beam was recorded using a stria-
tion follower?. Fibers were electrically stimulated for 2.3 s. After
0.3 s of stimulation at constant length, 40 shortening stretch cycles,
each lasting ~50 ms, were imposed (Fig. 3a). The force before each
shortening step was always the same as that in the absence of
imposed length changes. Instantaneous force-sarcomere length
relations were recorded with an 8 us sample interval to minimize
the effects of quick force recovery'. Changes in the fraction of
myosin heads attached to actin, normalized by that during isometric
contraction, were calculated from the measured stiffness assuming
a filament compliance'® of 2.8 nm/T,,.

nature structural biology ® volume 7 number 6 ¢ june 2000

Fig. 4 Changes in force and the intensity of the M3 X-ray reflection
(Iy3) in a double shortening step experiment. Changes in a, segment
length, b, force and c, ly; (filled circles) produced by a 2.5 nm hs' short-
ening step followed after 1 ms by a 6 nm hs' shortening step. X-ray
data were collected from 207 tetani in six fibers; mechanical records
were from a single fiber with a cross-sectional area of 16,300 um?,
length of 5.95 mm and a mean sarcomere length in the 2.47 mm seg-
ment of 2.10 um. The length changes measured 1 ms after the start of
the two shortening steps in the six fibers were 2.65 + 0.26 and 5.73 =
0.93 nm hs, respectively (mean +s.d.). Dashed line: Iy; without applied
length changes in the same fibers (14 tetani). Open circles were calcu-
lated from the dashed line in Fig. 2c with z;, = 7.2 nm. Other conditions
were as in Fig. 3.

Calculation of I; from crystallographic models. I,;; was calculat-
ed from crystallographic models of the myosin head starting from the
nucleotide-free conformation of the actin-bound head?, then allow-
ing rotation of the lever arm with respect to the catalytic domain at
residue 707. The lever arm (residues 707-843 of the heavy chain and
both light chains) was assumed to move as a rigid body (Fig. 1). Iy for
any given rotation angle of the lever arm was calculated from the
1/14.5 nm' Fourier component of the axial mass projection of the
entire myosin head' and expressed in terms of the axial displacement
(z) of the myosin head-rod junction (residue 843) with respect to the
nucleotide-free structure (Fig. 2¢c). The observed fractional change in
Iys was compared with that expected from Fig. 2c using Az calculated
from the imposed filament sliding and force changes as described in
the text. The only free parameter was the initial value of z during iso-
metric contraction (z;,). The mismatch between axial periodicities of
the actin and myosin filaments must produce some conformational
disorder of the heads; this reduces the absolute value of ly;; but has lit-
tle effect on the fractional change during rapid length steps (Fig. 2c)
because the disorder is constant during the step'4.
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