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Structure and Periodicities of Cross-Bridges in Relaxation, in Rigor, and
during Contractions Initiated by Photolysis of Caged Ca2+

Thomas D. Lenart,* John M. Murray,# Clara Franzini-Armstrong,# and Yale E. Goldman*
Pennsylvania Muscle Institute, *Department of Physiology and #Department of Cell and Developmental Biology, University of
Pennsylvania, Philadelphia, Pennsylvania 19104 USA

ABSTRACT Ultra-rapid freezing and electron microscopy were used to directly observe structural details of frog muscle
fibers in rigor, in relaxation, and during force development initiated by laser photolysis of DM-nitrophen (a caged Ca2+).
Longitudinal sections from relaxed fibers show helical tracks of the myosin heads on the surface of the thick filaments. Fibers
frozen at -13, -34, and -220 ms after activation from the relaxed state by photorelease of Ca2+ all show surprisingly similar
cross-bridge dispositions. In sections along the 1,1 lattice plane of activated fibers, individual cross-bridge densities have a
wide range of shapes and angles, perpendicular to the fiber axis or pointing toward or away from the Z line. This highly
variable distribution is established very early during development of contraction. Cross-bridge density across the interfilament
space is more uniform than in rigor, wherein the cross-bridges are more dense near the thin filaments. Optical diffraction (OD)
patterns and computed power density spectra of the electron micrographs were used to analyze periodicities of structures
within the overlap regions of the sarcomeres. Most aspects of these patterns are consistent with time resolved x-ray
diffraction data from the corresponding states of intact muscle, but some features are different, presumably reflecting
different origins of contrast between the two methods and possible alterations in the structure of the electron microscopy
samples during processing. In relaxed fibers, OD patterns show strong meridional spots and layer lines up to the sixth order
of the 43-nm myosin repeat, indicating preservation and resolution of periodic structures smaller than 10 nm. In rigor, layer
lines at 18, 24, and 36 nm indicate cross-bridge attachment along the thin filament helix. After activation by photorelease of
Ca2+, the 14.3-nm meridional spot is present, but the second-order meridional spot (22 nm) disappears. The myosin 43-nm
layer line becomes less intense, and higher orders of 43-nm layer lines disappear. A 36-nm layer line is apparent by 13 ms
and becomes progressively stronger while moving laterally away from the meridian of the pattern at later times, indicating
cross-bridges labeling the actin helix at decreasing radius.

INTRODUCTION

The conventional hypothesis for the mechanism of muscle
contraction postulates that force production and filament
sliding are accomplished via structural changes in the my-
osin cross-bridges as they interact with the actin filaments
(Hanson and H. E. Huxley, 1955; A. F. Huxley, 1957;
Reedy et al., 1965; H. E. Huxley, 1969). However, despite
detailed knowledge of the structure of contractile proteins
and their interactions (Milligan et al., 1990; Holmes et al.,
1991; Rayment et al., 1993; Xie et al., 1994), the specific
internal motions of the proteins that lead to contraction are
still unknown.
A wealth of information has come from x-ray diffraction

of whole muscles and single muscle fibers, especially dur-
ing the onset of isometric tetanic contraction (Haselgrove
and H. E. Huxley, 1973; Yagi et al., 1977; H. E. Huxley and
Kress, 1985; H. E. Huxley et al., 1980, 1981, 1982; Kress et
al., 1986; Amemiya et al., 1987; Bordas et al., 1991; Yagi,
1991; Wakabayashi and Amemiya, 1991; Harford et al.,
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1991). These studies have identified a sequence of events
during activation including motions of the thin filament
regulatory system, movement of cross-bridge mass toward
the thin filaments and subsequent changes, probably related
to actomyosin attachment and a power stroke that generates
force or causes filament sliding. The x-ray diffraction tech-
nique provides high spatial resolution and is applicable to
live muscle but is limited to detecting average or periodic
structural information from a whole fiber or muscle. An
approach that can allow study of selected areas of the
sarcomere or individual cross-bridges is thus a necessary
complement to x-ray diffraction in the detection of struc-
tural changes associated with contraction.

Rapid freezing of muscle fibers against a copper block at
liquid helium temperature, followed by freeze substitution
and electron microscopy, allows detection of structural de-
tails of active cross-bridges with good time and spatial
resolution (Tsukita and Yano, 1985, 1986; Hirose and T.
Wakabayashi, 1991; Craig et al., 1992; Suzuki et al., 1993;
Hirose et al., 1993, 1994; Lenart et al., 1993; Sosa et al.,
1994; Hawkins and Bennett, 1995). These experiments have
shown preservation of the native structure to better than
10-nm resolution and have generally agreed that the cross-
bridges in rigor muscle are well ordered (Tsukita and Yano,
1985, 1986; Hirose and T. Wakabayashi, 1991; Hirose et al.,
1993; Lenart et al., 1993), but those present during active
contractions have a highly variable shape and a wide angu-
lar distribution. Changes in cross-bridge shapes, related to
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functional states, have been detected by correspondence
analysis of images from transverse sections (Hirose et al.,
1994).
To obtain time resolution and to partly synchronize cross-

bridge motions during force development, glycerol-ex-
tracted rabbit muscle fibers were previously studied using
rapid freezing during the transition from rigor to active
contraction initiated by photorelease of ATP from caged
ATP. At early time points in those experiments cross-
bridges were clearly a mixture of remaining rigor attach-
ments and the early active ones (Hirose et al., 1993, 1994).
Only limited x-ray diffraction data with this protocol are
available for comparison (Brenner et al., 1989; Rapp et al.,
1989; Poole et al., 1991).

In the studies presented here we used a protocol for rapid
freezing and activation which gives data more directly com-
parable with those obtained by x-ray diffraction from elec-
trically stimulated intact muscle, starting from the relaxed
state, with all (or most) cross-bridges detached. Skinned
frog muscle fibers were rapidly frozen in rigor, in relax-
ation, or at various times after laser photolysis of caged
Ca2' (Kaplan and Ellis-Davies, 1988). A comparison of
x-ray diffraction data from live muscle with optical diffrac-
tion patterns or computed power density spectra of the
electron micrographs (EMs) assists interpretation of the
images. Many of the periodicities observed in the EMs
correspond to those seen in x-ray diffraction experiments,
but there are significant differences in certain reflections.
Our results emphasize the appearance and strengthening of
an actin-based periodicity more than the x-ray diffraction
studies, suggesting attachment of cross-bridges in various
configurations onto actin target zones and a recovery of
myosin-based order in the process of tension production.
Some of the data have been reported in preliminary form
(Lenart et al., 1992, 1993; Murray et al., 1993).

MATERIALS AND METHODS

Preparation of muscle fibers

Sartorius muscles from Rana temporaria were dissected as described by
Padr6n and Huxley (1984), tested for excitability with a Grass S9 stimu-
lator, and chemically skinned as in Magid and Reedy (1980). The muscles
were dissected in Ringer's solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM
CaCl2, 2.5 mM MgCl2, 3 mM sodium phosphate buffer) at 2-40C, im-
mersed in a relaxing solution at pH 6.3 (5 mM Na2ATP, 15 mM KPO4
buffer, 75 mM potassium acetate, 5 mM magnesium acetate, 5 mM EGTA,
5 mM NaN3, 2% polyvinylpyrollidone (PVP)) for 15 min, followed by a

skinning solution, similar to relaxing solution but at pH 7.0 and containing
0.5% (v/v) of Triton X-100, for 3 h. Single fibers were dissected in the
relaxing solution under silicone oil at 2-4°C.

Experimental set-up
Single skinned muscle fibers were mounted on a Cryo-Press freezing
apparatus (Med-Vac, St. Louis, MO) (Heuser et al., 1979), interfaced to a

pulse laser for photolysis of caged molecules and including facility to

measure muscle fiber tension continuously through an experiment (see
Hirose et al., 1993). Briefly, a single, skinned fiber was mounted by
aluminum, T-shaped clips (Goldman and Simmons, 1984) between the

hook of a tension transducer (Akers, AE801, Horten, Norway) and a

stationary clamp attached to the freezing head. The fibers were mounted
over an agar cushion on an aluminum planchet that could be easily
removed from the device after freezing. Fibers were frozen by falling under
gravity for -200 ms and then impacting a gold-coated copper block cooled
by liquid helium. Bounce was eliminated by the electromagnet, spring, and
damped shaft system of the Cryo-Press.
A frequency-doubled ruby laser (Goldman et al., 1984) provided 50-ns

(A = 347 nm) pulses for photolysis. The laser beam was directed at the
sample by a series of mirrors and checked for correct positioning by burn
patterns on ultraviolet-sensitive paper (Kentek, Manchester, NH). The laser
pulse was triggered at preselected times (13, 34, and 220 ms) before
freezing. The degree of timing variability was -2.5% at 20 ms and -1%
at 200 ms (Hirose et al., 1993).

Experimental procedure
The fibers were prepared for photolysis and freezing by exchange with a

series of solutions for 2 min each using a set of stirred solution wells that
maintained the temperature at 2-6°C (Hirose et al., 1993). The fiber was

rinsed twice in the pH 7.0 relaxing solution listed above, then in a 3 mM
ATP relaxing solution (3 mM Na2ATP, 0.66 mM MgCl2, 0.5 mM EGTA,
1.84 mM 1,6-diaminohexane-N,N,N',N'-tetraacetic acid (HDTA), 100mM
N-tris(hydroxymethyl) methyl-2-aminoethane-sulfonic acid (TES), 29.5
mM creatine phosphate (CP), 2 mM glutathione (reduced form, GSH), 2%
PVP, and two exchanges of a preactivating solution (3 mM Na2ATP, 1.2
mM MgCl2, 0.1 mM EGTA, 1.84 mM HDTA, 100 mM TES, 20 mM CP,
10 mM GSH, 2% PVP). The fiber was then transferred to caged calcium
solution (Kaplan and Ellis-Davies, 1988) (1.94 mM DM-nitrophen, 1.6
mM CaCl2, 3 mM Na2ATP, 1.2 mM MgCl2, 25.7 mM HDTA, 100 mM
TES, 20 mM CP, 10 mM GSH, 2% PVP). Typically, this photolysis
solution, providing a calculated free [Ca2+] of 250 nM, poised the fiber at

the threshold of the pCa-tension curve or activated the fiber slightly (1-2%
of fully active tension). Occasionally, the CaCl2 concentration was ad-

justed up or down from this value.
For obtaining the structure in rigor, the fiber was transferred from 5 mM

ATP, pH 7.0, relaxing solution to a rigor solution containing 100mM TES,
34 mM EDTA, 2% PVP, pH 7.0, at 2-4°C. After rigor tension developed
and stabilized the fiber was rinsed once or twice more in the rigor solution.

When the fiber was equilibrated with the final solution for a freezing
run, excess solution was removed by aspiration with a small cannula and
the freezing head with mounted fiber was transferred to the Cryo-Press.
The temperature of the fiber was then approximately 10°C.

Electron microscopy
The samples were freeze substituted with 0.1-0.5% tannic acid in acetone

at -80°C for 2 days, warmed to -20°C for 3 h, rinsed in acetone three
times for 10 min each at -20°C, transferred to 4.0% OS04 in acetone, and
then warmed to room temperature over a -2-h period. In some experi-
ments, the freeze substitution was conducted without tannic acid (only Fig.
2 B here). The samples were rinsed in acetone three times for 10 min each,
stained en bloc with 1% uranyl acetate in acetone for 3 h, rinsed in acetone

briefly or overnight, and embedded in araldite. Sections were cut tangent to

the frozen surface, with the knife edge perpendicular to the filament axis.
Sections were stained with uranyl acetate and lead citrate and examined in
a Phillips EM410 electron microscope. All measured periodicities are

approximated to the nearest known period.

Image analysis
Digitization and calculation of power spectra
EMs of longitudinal sections were selected for processing by examination
of their optical diffraction patterns. Astigmatic or inappropriately focused
micrographs were discarded. Regions that appeared reasonably well or-
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dered by optical diffraction were digitized, using a Perkin-Elmer model
lOlOG microdensitometer, on a raster corresponding to 2 nm at the
specimen for images taken at a magnification of X24,400 or 2.5 nm for
images at x 10,200. As we were primarily interested in the cross-bridges,
all areas of the images outside the regions of overlap between the thick and
thin filaments were masked out. The individual overlap zones were then
extracted into separate, small sub-images for calculation of the Fourier
transforms and power spectra (computed diffraction pattern). All calcula-
tions were carried out using the Semper image processing system (Synop-
tics, Cambridge, UK) on a Sun 4/330 computer.

To enhance the signal-to-noise ratio in our computed diffraction pat-
terns, we added together the power spectra from many different overlap
zones at each time point. For this purpose, the sub-images were all rescaled
to the same magnification and rotationally aligned. In addition, the com-
pression and shearing due to thin sectioning were individually corrected in
each image. We used the meridional reflection at - 14 nm in the diffraction
patterns as an internal magnification calibration and to define the meridi-
onal direction. The equator is always very intense, so the equatorial
direction is easily defined. These two directions plus the internal magni-
fication calibration are sufficient to calculate vectors for a new coordinate
system for each sub-image so that a single interpolation simultaneously
rescaled it to the standard magnification, rotated it to make the equator
horizontal, and sheared it to make the meridian perpendicular to the
equator. The power spectra of the corrected images were then added
together. The meridional spacings of all intensities are approximated to the
nearest known x-ray reflection.

Difference spectra

Difference diffraction patterns between states were obtained by subtracting
summed power density spectra, after normalizing to compensate for factors
that lead to random variations in image contrast and intensity in the power
spectra (e.g., variations of specimen thickness, degree of staining, micro-
scope defocus and objective aperture settings, and film development). For

normalization we used the most straightforward assumption, that the total
scattering per unit cell remains constant throughout the changes in the
physiological state. This assumption implies that the sum of the intensities
of all the pixels in the power spectra should be constant. Intensities outside
the calculated power spectra would make only a small contribution to this
sum. All of the power spectra had the same number of pixels, so we simply
scaled the intensities of each summed power spectrum to adjust the mean
intensity to a value of 100.

Minor errors in normalization and distortion between the axial and
lateral spacings prevent the difference power spectra from being reliable
for precise quantitative statements on intensity changes. However, they are
useful for visualizing the large differences that are obvious in the patterns,
and they are very sensitive to changes in the positions of layer line maxima.

RESULTS

Relaxed muscle

As in previous work (Heuser et al., 1979; Craig et al., 1992;
Hirose et al., 1993), we find a region of fiber, within a depth
of approximately 10 ,um from the freezing surface, that
shows good freezing with no evidence of ice crystal dam-
age. Fibers frozen in the relaxed state exhibit sarcomeres of
uniform length that are straight and aligned laterally (Fig.
1). The edges of the A band and the H zone (nonoverlap
region of the thick filaments) are sharp, indicating that both
thick and thin filaments are also laterally well aligned. The
thick filaments show some bowing, resulting in a slight
barrel distortion of the A bands (M lines are wider than the
A-I junctions). The thin filaments in the I bands of relaxed
fibers are often wavy.

FIGURE 1 Longitudinal section of a rapidly frozen, relaxed frog sartorius muscle fiber. The sarcomeres are straight, well aligned, and uniform in length.
Bar, 1.0 p,m.
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At higher magnification, helical periodicities are promi-
nent on the surface of the relaxed thick filaments, particu-
larly in images with contrast enhanced by treatment with
tannic acid (Fig. 2 A, slanted arrows). The helical tracks are
due to myosin heads slewed around the thick filament axis
(Kensler and Stewart, 1986, 1989; Cantino and Squire,
1986; Heuser and Cooke, 1983). The apparent diameter of
thin and thick filaments is increased by tannic acid treat-
ment, and this reduces the interfilament spaces, making it
difficult to distinguish the borders of the thick and thin
filaments in the overlap zone. In the nonoverlap (H) zone
very few, if any, myosin heads project out from the surface
of the thick filaments. When fibers are freeze substituted in
the absence of tannic acid, filament diameters are smaller

and the interfilament space is clearer (Fig. 2 B). Very few
myosin heads cross the space between the thick and thin
filaments in these images and the lateral edges of the fila-
ments are clearly distinguishable. Note that the slew of the
myosin heads on the surface of the thick filaments is evident
albeit less prominent than in samples treated with tannic
acid.

In thicker sections from relaxed fibers (Fig. 3 A), the A
bands show the 11 transverse lines at a 43-nm repeat on
each side of the bare zone that are thought to arise from the
periodicity of thick filament accessory proteins (C, X, H, or
F proteins; Pepe and Drucker, 1975; Craig and Offer, 1976;
Bennett et al., 1986). The weaker transverse lines in the
lateral third of the A band are presumably due to myosin

4'-''4 's~~o Z
FIGURE 2 Higher magnification views of frog fibers frozen in relaxing solution and freeze substituted in the presence (A) or absence (B) of tannic acid.
The tannic acid makes the filaments in A appear larger in diameter than in B. Helically arranged, relaxed myosin heads are visualized in A by glancing in
the direction of the white arrows. In B, the thin filament edges are smooth, indicating that cross-bridges are not attached. Bars, 0.25 gm.
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FIGURE 3 Micrograph of a relaxed sarcomere (A) and the optical diffraction pattern (B) of an overlap zone from this image. In this thicker section,
cross-banding with 43-nm spacing is visible due to the accessory proteins. The slanted arrows point to helical tracks due to myosin heads. Bar, 0.25 ,um.
In B, the myosin meridional spots extend out to six orders of 43 nm (arrow).

heads helically ordered at 43 nm. An oblique periodicity
with the same axial spacing is indicated by white slanted
arrows in Fig. 3 A and can be seen by sighting along the
arrows while viewing the micrograph at a shallow angle.

Optical diffraction patterns from electron micrographs of
relaxed overlap zones show meridional spots extending to
the fourth order of the 43-nm periodicity (approximately 11
nm) and sometimes to the fifth or sixth order (9 and 7 nm;

Fig. 3 B). The meridional spot at 22 nm, the second order of
43 nm, is as intense as the first and third meridional inten-
sities (43 and 14.3 nm, respectively). Layer lines indexing
on 43 nm are detectable to the fourth or fifth order (9 nm).
These results indicate that the rapid freezing, freeze-substi-
tution technique preserves periodic structures to a resolution
of at least 7.2 nm, but it can be argued that the preservation
of nonperiodic structures is better (Hirose et al., 1993).
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Rigor

In rigor fibers, thin filaments are straight (Fig. 4) and the
edges of the myofibrils are slightly scalloped, the diameter
of the overlap zones being smaller than that of the Z lines
and the M bands. As expected, the overlap region is quite
different from that in relaxed fibers, due to the ordered
arrangement of cross-bridges. In the H zone, the myosin
heads extend out into the interfilament space without any
apparent order (Fig. 4; see also Padr6n and Craig, 1989). A
transverse periodicity is obvious in the overlap region, but it
has different characteristics from that seen in relaxed sar-
comeres. The 43-nm periodicity is replaced by domains of
strong periodicity at 36 nm separated by areas of apparent
disorder. The 36-nm periodicity is expected of cross-bridges
labeling the thin filament helix.

FIGURE 5 Image from a pre-flash control fiber, frozen in caged Ca2+
solution. The 43-nm transverse lines are preserved (transverse arrows), but
the myosin heads extend more into the interfilament space than in the fully
relaxed fibers. Oblique arrows indicate helical tracks of myosin heads. Bar,
0.25 ,um.

Pre-flash controls

The first step in the photolysis experimental protocol is to
equilibrate the fibers in a solution containing DM-nitrophen
(caged Ca2+). The caged Ca2+ solution is very low in free
Mg2+ and contains free Ca2+ that poises the muscle fiber
just below the threshold of the pCa-tension curve. Little or
no tension development was observed in solutions contain-
ing 2 mM DM-nitrophen and 1.6 mM total CaCl2, leading to
a calculated free [Ca2] of 250 nM.

In fibers frozen in the caged Ca2+ solution (pre-flash
control) the helical periodicity of the thick filaments, in both
the overlap and nonoverlap regions (Fig. 5, oblique arrows),
and the 43-nm transverse lines in the central A band are
preserved (transverse arrows). However, despite maintain-
ing a helical arrangement, the myosin heads in the H zone
extend into the interfilament space to a greater extent than is

r s r rsa s r.s . r s s ~' r2+-seen for the fully relaxed fibers, as if the low [Mg ] or
elevated [Ca2+] diminish the extent of cross-bridge relax-
ation. Diffraction patterns of the overlap zones of pre-flash

FIGURE 4 Micrograph of a sarcomere in the rigor state. The thin fila-
ments are straighter than in relaxed fibers. There is minor scalloping of the
myofibril edges in each half-sarcomere. Cross-banding is best visualized
by glancing across the A band at a shallow angle. It has a different
periodicity from that of relaxed muscle. Bar, 0.25 sm.

caged Ca2+ fibers (not shown) show meridional spots and
layer lines indexed on a 43-nm spacing, as in relaxed fibers.
However, the layer lines and meridional spots extend out
maximally to the fourth order of 43 nm, indicating less
regularity than in relaxing solution.

Activation

To examine the time course of structural changes that occur
after activation by photorelease of Ca2 , fibers were frozen
at 12-15 ms (average, 13 ms), 31-34 ms (average, 34 ms),
and 210-230 ms (average, 222 ms) after photolysis of
caged Ca2+ while continually monitoring tension. Force
began to rise within 1-2 ms after a laser pulse and rose
smoothly to a plateau. At 13, 34, and 220 ms, the fibers
developed approximately 15, 45, and 100% of the full
steady-state active tension, respectively (see inset tension
records of Figs. 6 and 7). These relative tension estimates
were obtained by averaging the tension achieved at the
earlier time points in traces from fibers frozen at 220 ms.
The rate of tension development is consistent with that of
intact frog sartorius muscle at 10°C (H. E. Huxley et al.,
1982).

In fibers frozen 13 ms after the laser pulse (Fig. 6), densities
(presumably cross-bridges) extend from the thick to the thin
filaments in the overlap region. Many of the cross-bridges are
perpendicular to the filament axis, but there is a variety of
angles, with some tilted toward and some tilted away from the
M line. The helical arrangement of the myosin heads on the
surface of the thick filaments is sometimes still visible in the H
zone (Fig. 6, tilted arrow), but this periodicity is weaker than in
the relaxed fibers and pre-flash controls. The 43-nm transverse
lines crossing the whole sarcomere are absent; however, mi-
crodomains with short stretches of transverse lines, corre-
sponding to the positions of cross-bridges, can be seen by
glancing across overlap regions in the A band. The exact
spacing between these lines is difflcult to measure directly
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FIGURE 6 Force recording (inset)
and EM of a frog fiber frozen 15 ms
after photolysis of caged Ca2'. The
plunger rod of the freezing apparatus
was released at the time indicated by
DROP. At Ca2 , the laser pulse was
triggered, liberating 1.8 mM free Ca2+
by photolysis of DM-nitrophen and
tension rose sharply. At FREEZE, the
fiber contacted the cryogenic metal
surface. The resultant image shows
many densities extending from the
thick filament to the thin filament (pre-
sumably cross-bridges) with a variety
of shapes and angles. Some helical ar-
rangement of the myosin heads is still
apparent in the H zone. This can be
visualized by glancing in the direction
of the arrow. Bar, 0.1 ,um.

E DROP

15 ms,.

from the micrographs but is obtained from the computed
power density spectra described below.

Images from fibers frozen at 34 and 220 ms after activa-
tion still show highly ordered sarcomeres, with good lateral
alignment (Fig. 7, frozen at 220 ms). There is less barrel
distortion than in relaxed fibers, but the edges of the A band
and H zone are less sharply delimited, and the M line is less
straight, indicating some longitudinal shift of the filaments.
At higher magnification, the shapes and angles of cross-

bridges at plateau isometric tension are similar to those in
fibers frozen at 15 or 45% of the plateau tension (Fig. 8).
The density of the cross-bridges is uniform across the space
between the two sets of filaments. Cross-bridges are often
perpendicular to the filament axis but show considerable
variation in angle. As at earlier time points, transverse
periodicities, coinciding with the positions of cross-bridges,
are visible over small areas, often as sets of double lines
(Fig. 8). In contrast to the images before and just after

FIGURE 7 Force recording (inset) $
and EM of a fiber frozen at the pla- _
teau of isometric contraction. The la-
ser was triggered at the time point
indicated by Ca2+, releasing 0.6 mM
free Ca2 . At DROP, the plunger rod -
was released, and at FREEZE, the
fiber contacted the cold metal block.
The time between the laser pulse and
the freezing was 220 ms. There is
less barrel distortion of the sarcom-
eres in this fully activated fiber com-
pared with relaxed and rigor muscles.
Irregularities of the M lines indicate
minor longitudinal shifting of the
thick filaments. Bar, 0.5 ,um.

activation, however, helical tracks on the thick filaments are
not visible in the H zone.

Summed power spectra

To improve the signal-to-noise ratio of the computed dif-
fraction patterns, EMs were digitized and the power density
spectra from Fourier transforms of multiple images were
summed. For this analysis we selected multiple (40-113)
overlap regions from fibers in each physiological state. The
procedure for scaling and aligning the power spectra before
the summation is described in Materials and Methods. The
resulting power spectra correspond to optical diffraction
patterns averaged over many overlap zones. In all patterns
we use the third meridional spot as a reference for spatial
frequencies and assign it a position at 14.3 nm. Tables 1 and
2 provide a qualitative indication of the relative intensities
of the various meridional spots and layer lines.

l~~~~~~~_
FREEZE

-

'-DROP

220 ms
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FIGURE 8 High-magnification image of a sarcomere from a fiber in steady isometric contraction. Cross-bridge shapes and angles are highly variable.
Transverse periodicities are still apparent across the sarcomere. Myosin heads are very disordered in the H zone. Bar, 0.1 ,um.

The relaxed power density spectrum (Fig. 9 A) is domi-
nated by the thick filament periodicities at spacings index-
ing on 14.3 nm, as in the individual optical diffraction
patterns (Fig. 3 B). The most prominent intensities are the
meridional spots at 43, 36, 22, and 14.3 nm and the layer
lines at 43 and 22 nm. The region of the meridian between
30 and 50 nm is complex with several (four or more)
maxima. The second meridional spot cluster (near 22 nm) is
similarly complex. Layer lines at 43 and 22 nm are prom-
inent. A faint layer line is present at 19 nm with a corre-
sponding meridional spot.

In the best power spectra from a single A band (Fig. 9 B),
four orders of the 43-nm meridional intensity are visible. A
faint fifth order is also often seen (off-scale in Fig. 9 B).
Fewer orders appear in the summation for averaged power
density spectra than in the best optical diffraction patterns.
The probable explanation for this difference is that, relative
to the layer lines, the strength of the meridional spots is
quite variable because they are much more sensitive to
orientation of the filament axes with respect to the plane of

sectioning. Slight variations in orientation of our sections
often dimmed the meridional spots without significantly
affecting the layer lines, leading to reduced intensity of the
meridional spots in the averaged power spectra.
The average power spectrum for pre-flash fibers (not

shown) is similar to the relaxed pattern but with evidence of
less order. The meridional spots and layer lines character-
istic of relaxed muscle, such as the myosin-based reflec-
tions, are present but less intense. As in relaxation, we did
not observe a 36-nm layer line in this state.

The average power spectrum for the overlap zones from
rigor fibers (Fig. 9 C) is clearly different. The first and third
meridional spots (43 and 14.3 nm) derived from thick fila-
ment periodicities are clear, but the second (22 nm) is
absent. The first meridional spot has a single maximum at
43 nm. A strong layer line at 36 nm and a weak one at 18
nm (arrows in Fig. 9, C and F) are present due to cross-
bridges tagging the helical structure of the thin filaments. A
layer line at 24 nm is consistent with sampling of the actin
helix by the myosin 14.3-nm periodicity (1/14.3 - 1/36
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TABLE I Relative intensities of the main meridional spots

Axial position (nm) Relaxed 13 ms 34 ms 220 ms Rigor

14.3 W W S S S
22 S W W W -
36 (38*) S W* S* S* -
43 S W S S S

For each condition or time after Ca2' release, the meridional intensities
were scored qualitatively for intensity. -, not appreciable; W, weakly
visible; S, high intensity.
*Spots were measured to be at 38 nm.

TABLE 2 Peak radial positions and intensities of the main
layer lines

Axial position (nm) Relaxed 13 ms 34 ms 220 ms Rigor

14.3 - - 29B - 24W
22 43B B* 38W 31W -

36 (38*) - 57B# 45W 24 S 28 V
43 23S 43W 38W 36 S 28B§

Numbers in the body of the table give the approximate radial reciprocal
positions of the peak layer line intensities in nanometers. For each condi-
tion or time after Ca2' release, the layer lines were also scored qualita-
tively for intensity. -, not appreciable; B, barely visible; W, weakly visible;
S, strongly visible; V, very strong.
*The layer line is visible but too noisy for the lateral position to be
determined reliably.
#The layer line was located at 38 nm axial spacing.
§The layer line may be intensity spread from the very strong 36-nm layer
line rather than an independent intensity.

1/24). There is a clear myosin layer line at 14.3 nm, but the
43-nm layer line is only faintly visible or absent. These
changes are consistent with loss of the myosin helical order
and cross-bridge labeling of actin target zones (Huxley and
Brown, 1967; reviewed by Haselgrove, 1983).
The power density spectra of Fig. 9, D-F, show the

progression of structural features at 13, 34, and 220 ms after
release of Ca2+ from the relaxed state. Shortly after pho-
torelease of Ca2+ (Fig. 9 D, 13 ms), features of the relaxed
power density spectrum are weaker but still visible, partic-
ularly the meridional spots at the first, second, and third
orders of 43 nm. The first- and second-order myosin layer
lines, at 43 and 22 nm, are also present but weaker than in
relaxation. A new feature is the appearance of a weak layer
line at 38 nm. As both 43- and 38-nm layer lines are present
in the power spectrum, the microdomains of transverse lines
in the images noted earlier (e.g., Fig. 6) probably represent
both periodicities. There is a very weak layer line and a
meridional spot at 19 nm.
Summed power spectra from images of fibers frozen at 34

ms (Fig. 9 E) and 220 ms (Fig. 9 F) after Ca2+ release show
progressive increase of the intensities at the first- and third-
order myosin meridional spots (43 and 14.3 nm). The second-
order meridional spot (22 nm) remains weak. A meridional
spot at 38 nm becomes increasingly distinct at 34 and 220 ms.
At 220 ms, a spot is also detectable on the meridian at 57 nm.

Layer line intensities at 36 and 43 nm increase progres-

visible in optical diffraction patterns from single A bands
(Lenart et al., 1993). At 13 ms a weak layer line is located
at approximately the same 38-nm axial position as the
meridional spot, but at 34 and 220 ms, the axial spacing of
the growing layer line is at 36 nm, distinct from the 38-nm
meridional spot. This difference can be appreciated by
sighting across the patterns in Fig. 9, E and F. The second-
order myosin-based layer line (at 22 nm) becomes more
visible at 34 ms and prominent at 220 ms. A layer line at 19
nm increases in intensity and a separate 18-nm layer line
becomes visible at 220 ms. The mixed actin-myosin reflec-
tion at 24 nm seen in the rigor pattern is not appreciable as
a distinct layer line at 220 ms. However, based on the ratio
of the 24-nm to the 36-nm layer line strengths in rigor and
the 36-nm layer line strength at 220 ms, the expected
intensity on the 24-nm layer line in active contraction would
be smaller than the noise due to random scatter.
The lateral distances of the layer line maxima away from

the meridian vary among the states (Table 2). Between 13
and 220 ms, the peak intensity along the 36-nm layer line
moves outward laterally from the meridian, indicating mass
around actin moving closer to the filaments (see Table 2).
The shift of the 36-nm layer line between 34 ms (Fig. 9 E)
and 220 ms (Fig. 9 F) is very noticeable in comparison with
the 43-nm layer line, which shifts very little during this time
interval. The lateral position of the peak for the 36-nm layer
line in rigor is similar to that in the 220-ms pattern.
On activation, the early loss of intensity of the 43-nm layer

line is away from the meridian, so the peak position at 13 ms
is closer to the meridian than in relaxation. The position of the
43-nm layer line peak shifts away from the meridian between
13 ms (Fig. 9 D) and 34 ms but by less than the 36-nm peak.
A value is shown in Table 2 for the lateral position of the
43-nm layer line in rigor, but the intensity might arise from
overlap of the strong 36-nm layer line rather than as an inde-
pendent line. In relaxation the 43-nm layer line is clearly
further from the meridian than during contraction, indicating a
smaller radius of mass around the thick filament.

Difference power density spectra

The summed power density spectra were scaled in total
intensity and then differences between pairs were calculated
to emphasize changes of intensity and position of peaks
during the onset of contraction and differences between
relaxed and rigor muscles (Fig. 10). As discussed in Mate-
rials and Methods, the difference power spectra are mainly
useful for visualizing large intensity differences between
patterns, and they are very sensitive to changes in the
positions of layer line maxima.
The rigor minus relaxed subtraction (Fig. 10 A) shows the

changes in the power density spectrum caused by loss of
myosin-based order, which predominates in relaxation, and
acquisition of actin-based periodicities, as cross-bridges la-
bel the actin target zones in rigor. Yellow and red colors
indicate increased intensity in rigor relative to relaxation;sively. The layer line doublet at these two spacings is clearly
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FIGURE 9 Summed power spec-
tra from Fourier transforms of mul-
tiple images of overlap zones. The
summed power spectra are derived
from 102 overlap zones from relaxed
fibers (A), 40 from rigor fibers (C),
96 at 13 ms after activation (D), 44
at 34 ms after activation (E), and 113
overlap zones at 220 ms after acti-
vation (F). (B) The power spectrum
from a single, relaxed overlap re-
gion. For each pattern the look-up
table for the display was adjusted to
match the dynamic range of the data.
Positions of the major layer lines are
indicated. The arrows in C and F
point to the 18-nm layer line.

black indicates a decreased intensity. The features that are
stronger in rigor are the first actin layer line (at 36 nm, not
detectable in relaxed patterns), the layer line at 24 nm
(arrowhead), and the third-order meridional spot and layer
line (at 14.3 nm). The main features that are stronger in the
relaxed pattern (black in Fig. 10 A) are the first- and
second-order meridional spots (at 43 and 22 nm, both show-
ing evidence of complexity), and the first myosin layer line
at 43 nm. The decrease of intensity on the 43-nm layer line
is partly masked by the increase at 36 nm. Changes in many
of the less intense spots and layer lines when the muscle is

put into rigor are also evident in Fig. 10 A. The 18-nm layer
line is stronger in rigor. It appears as a diffuse yellow
intensity, more prominent in the subtracted pattern than in
the rigor pattern alone. The 22-nm layer line is stronger in
the relaxed pattern (and thus appears black).
The difference patterns between activated and relaxed

muscle show that the myosin-based and actin-based peri-
odicities change during activation with different time
courses. In these difference power density spectra (Fig. 10,
B-D), features that increase in intensity with time are shown
in yellow and red and those that decrease are black. The
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FIGURE 10 Difference power
density spectra. Summed power den-
sity spectra were scaled to equalize
the mean intensity and then sub-
tracted. The differences shown are:
rigor minus relaxed (A), 13 ms mi-
nus] relaxed (B), 34 ms minus re-
laxed (C), 220 ms minus relaxed
(D), 220 ms minus 13 ms (E), and
rigor minus 220 ms (F). Yellow and
red colors indicate higher pixel val-
ues and black indicates lower pixel
values in each difference spectrum.
For example, in A, the bright red
layer line labeled 36 nm indicates
higher intensity in rigor than in re-
laxation.

myosin-based periodicities initially decrease markedly and
later recover. Actin-based intensities appear shortly after
Ca2+ release and then strengthen progressively. Changes in
the 14.3-nm meridional spot are striking, increasing mark-
edly during later tension development. Intensities on the
meridian closer to the equator than the 14.3-nm spot are
weaker throughout contraction than in relaxation (Fig. 10,
B-D). Layer lines at 14.3, 18, 19, 22, and 36 nm intensify
with time. The behavior of the 43-nm layer line in differ-
ence patterns is complex due to lateral shifts and is de-
scribed later.

The difference pattern between early and late active
time points (Fig. 10 E, 220 minus 13 ms) shows an
overall increase in intensity of both actin- and myosin-
based reflections (all of which are shown as yellow or
red), except for the first- and the second-order meridional
spot clusters.

In the difference pattern of rigor minus 220 ms (Fig. 10
F), the rigor layer lines at 36 and 24 nm and the 14.3- and
43-nm meridional spots are stronger (yellow or red). The
220-ms pattern, on the other hand, has more intensity on the
43-nm layer line and for three closely spaced lines at 18, 19,
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and 22 nm, leading to black areas in the difference pattern.
Thus, some of the myosin periodicities lost at early times in
active contraction but regained by 220 ms are weak in rigor
muscle and some actin-based periodicities are stronger in
active contraction than in rigor.
The difference patterns are sensitive to lateral position of

the layer lines and to shifts in those positions (see also Table
2). Fig. 10 A shows clearly that the positions of peak
intensities along the 36- and 24-nm layer lines in rigor (red
color) are located at a smaller lateral distance from the
meridian than the 43- and 22-nm layer lines of the relaxed
patterns (black), presumably reflecting the very tight asso-
ciation of the heads with the thick filament backbone in
relaxation. The lateral position of the increased contribution
of the 14.3-nm layer line in rigor is approximately the same
as that of the 36- and 24-nm lines.

Comparing rigor with fully active muscle (Fig. 10 F), the
lateral positions of the 18-, 19-, and 22-nm layer lines, more
intense in the 220-ms pattern (black in Fig. 10 F), are closer
to the meridian compared with that of the rigor 24-nm layer
line, which is yellow. The intensity increase at 36 nm in
rigor compared with 220 ms is farther from the meridian
than the decreased intensity on the 43-nm layer line. The
small lateral shift of the 36-nm layer line between active and
rigor muscle (Table 2) is masked by the very high intensity
in rigor.

In active muscle compared with relaxed (Fig. 10, B-D),
the intensity along the 43-nm layer line increases at small
lateral distances (particularly at 34 (Fig. 10 C) and 220 (Fig.
10 D) ms), but there is loss of intensity at a larger lateral
distance. In the 220-ms minus relaxed pattern, the intensity
increase at 43 nm is closest laterally, the increase at 36 nm
is farther out, and the intensity decrease in the 36- to 43-nm
region is farthest from the meridian. The layer line increase
at 14.3 nm during tension development (better appreciated
in Fig. 10, C and D, than in Fig. 9) has the same lateral
spacing as the increase of the 36-nm line. In the 220-ms
minus 13-ms difference pattern, the order of lateral posi-
tions is different; the increase of intensity at 36 nm is
farthest out and the 43-nm increase is intermediate. The net
effect is an apparent decrease of intensity at 39 nm close to
the meridian. These shifts of the lateral positions suggest
that, during final tension development, the cross-bridge
mass labeling the long-pitch helix of actin filaments moves
progressively toward a smaller radius (closer to the thin
filament surface).

DISCUSSION

The average, periodic structures summarized by our com-
puted power density spectra can be compared with x-ray
diffraction data obtained from living muscle, and the images
provide direct structural information regarding individual
sarcomeres and cross-bridges. The computed power spectra
are similar to x-ray diffraction patterns from relaxed, rigor,
and active muscle (Huxley and Brown, 1967; Haselgrove,

1973; Huxley, 1973; Magid and Reedy, 1980; Padr6n and
Huxley, 1984; Yagi and Matsubara, 1989; Wakabayashi et
al., 1991; Wakabayashi and Amemiya, 1991; Yagi, 1991;
Bordas et al., 1993), indicating that structural details are
preserved quite well during freezing, processing, and image
capture as demonstrated in other studies using the freeze-
substitution technique (Nassar et al., 1986; Padr6n et al.,
1988; Craig et al., 1992; Lenart et al., 1993; Hirose et al.,
1993, 1994; Sosa et al., 1994; Hawkins and Bennett, 1995).
Major advantages of our approach are that direct visual-

ization of individual sarcomeres and cross-bridges allows
variations from periodic arrangements to be detected. The
sharp power density spectra obtained here, excluding data
from regions outside the filament overlap zones and sum-
ming accurately scaled and aligned patterns, make detection
and resolution of some of the layer lines more obvious than
in x-ray diffraction patterns, allowing us to detect changes
in their intensities and positions. In interpreting the data,
however, we need to allow for the possibility that artifacts
from freezing, processing, and image capture may alter the
structure of the samples from that present at the time of
freezing. The x-ray diffraction technique is sensitive di-
rectly to excess of protein density over water in the live
muscle, so quantitative comparisons of intensities, taking
into account instrumental resolution and orientational dis-
order are, presumably, more reliable than data from electron
microscopy.
The changes observed here are consistent with labeling of

the long-pitch actin helix by active cross-bridges that tend to
be more perpendicular to the fiber axis than rigor cross-
bridges. The average mass of attached cross-bridges appar-
ently shifts inward toward smaller radius around the thin
filament axis during tension development.

Preservation of relaxed cross-bridge
arrangement by freeze substitution

The helical arrangement of myosin heads on the surface of
the relaxed myosin is quite labile, particularly in the case of
vertebrate muscle (Wray, 1987; Wakabayashi et al., 1988;
Lowy et al., 1991; Craig et al., 1992), but it can be preserved
with special care (Kensler and Levine, 1982; Stewart and
Kensler, 1986; Cantino and Squire, 1986; Ip and Heuser,
1983). The elusive helical tracks are clearly visible in our
images, and helical order is demonstrated by oblique strip-
ing in thicker sections. In diffraction patterns of relaxed A
bands, layer lines and meridional spots are present up to the
sixth order of the 43-nm myosin filament repeat, corre-
sponding to resolution of periodic structures to 7.2 nm.

Cross-bridge structure in pre-flash controls
compared with relaxed fibers

In unphotolyzed caged Ca2+ solution, considerably more of
the myosin heads splay out from the surface of the thick
filaments than in fibers held in the relaxing solution. Four
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points argue that this is not a direct result of an interaction
with the thin filaments before photolysis. 1) Splaying of
myosin heads occurs in the H zone as well as in the overlap
region. 2) The pre-flash fibers develop little or no tension.
3) The in-phase stiffness measured with 2 kHz length os-
cillations does not increase (T. St. Claire Allen, R. J. Bar-
sotti, and Y. E. Goldman, personal communication). 4)
Diffraction patterns and power spectra from the pre-flash
controls are dominated by the thick filament periodicities,
although the intensity is decreased relative to relaxed fibers.

In our experiments, temperature, ionic strength, and con-
centration of ATP were approximately equivalent in pre-
flash and relaxing solutions, but free [Mg2+] was decreased
from -1 mM to -50 ,uM and free [Ca2+] was increased
from <10-9 M to -250 nM, so that the fibers were poised
at the threshold for contraction. Splaying out of the myosin
heads in the pre-flash control may be due to either the lower
free Mg2+ or higher free Ca2+, and other groups have
observed this effect under conditions of lowered divalent
cation concentration (Ueno and Harrington, 1981; Ueno et
al., 1983; Reisler et al., 1983; Persechini and Rowe, 1984).
In rabbit muscle, phosphorylation of the myosin regulatory
light chain disorders the cross-bridges in isolated thick
filaments (Levine et al., 1995). Liberation of myosin heads
from the filament surface has been proposed to underlie
potentiation of tension in muscle fibers after phosphoryla-
tion of the light chains (Sweeney et al., 1994). Given the
brief extraction time of our protocol, it is possible that
activation of a calcium-dependent kinase still present in the
fibers leads to the myosin head disorder seen in the pre-flash
control images.

Cross-bridges in rigor and contracting fibers

The cross-bridges in the two states are clearly distinguish-
able. In rigor the cross-bridges have an overall tilt toward
the Z lines, giving a false impression of arrowheads, and
small domains of 36-nm periodicity (see also Varriano-
Marston et al., 1984; Craig et al., 1992; Sosa et al., 1994;
Hirose et al., 1993, 1994). Images of fibers frozen 13, 34,
and 220 ms after Ca2+ release are remarkably similar to
each other in the overlap region with cross-bridges that are
structurally more variable than in either rigor or relaxation.
Three general points are worth emphasizing because they
are relevant to the discussion of the diffraction patterns that
follows. 1) Cross-bridges of activated fibers are of fairly
uniform density across the interfilament space, suggesting
that they represent single heads (see Bard et al., 1987;
Hirose et al., 1994). They display a variety of angles, but a
large proportion of them are perpendicular to the filament
axis (see also Hirose et al., 1993, 1994). 2) At all time
points, A bands and H zones are delimited by sharp edges,
indicating good lateral filament alignment, especially at
early time points. 3) The prominent transverse lines crossing
the whole sarcomere with 43-nm spacing in relaxed fibers

In the H zone, some of the thick filament helical period-
icity remains at 13 ms but is lost at later time points. Thus,
in contracting muscle, the myosin heads are released from
their relaxed position on the thick filament surface even if
they do not interact with thin filaments (see also comments
on pre-flash fibers). This conclusion disagrees with a careful
x-ray diffraction study of muscles at long lengths, which
suggested that filament overlap is necessary for alteration of
the disposition of myosin heads during contraction (Yagi
and Matsubara, 1980). A cooperative effect of activation in
the overlap region on head position in the H zone may
explain our results.

Myosin-based intensities

The 14.3-nm meridional spot, representing the subunit axial
repeat of myosin molecules and also sensitive to cross-
bridge tilt (Irving et al., 1992), is stronger in power spectra
from rigor and fully contracting muscles than in spectra
from relaxed sarcomeres. In x-ray diffraction experiments,
this reflection is stronger in contraction but not in rigor
(Huxley et al., 1980, 1982; Wakabayashi et al., 1991; Wak-
abayashi and Amemiya, 1991; Harford and Squire, 1990;
Harford et al., 1991). The 43-nm layer line and its second
order at 22 nm, which arise from the three-stranded helical
architecture of the thick filament defining the origin of
myosin heads on the filament surface (Haselgrove, 1983),
are present in relaxed and contracting muscle, but not in
rigor. The following interpretation of these changes is con-
sistent with the EM images of the various states.

In the relaxed muscle, the myosin heads lie down on the
filament shaft at an oblique angle relative to the filament
axis (Kensler and Levine, 1982; Kensler and Stewart, 1983;
Cantino and Squire, 1986; Ip and Heuser, 1983; Crowther et
al., 1985; this paper). Even though the mass of the heads is
periodic at 14.3 nm, the oblique orientation spreads the
mass of the head in the axial direction, reducing the contrast
for scattering into the 14.3-nm spot, as modeled by Hasel-
grove (1980). In rigor, all cross-bridges are attached to
actin, but the intense 14.3-nm reflection indicates that some
portion of the myosin head, presumably the head-rod junc-
tion, retains the axial 14.3-nm character defined by the
polymer structure of backbone. The rest of the head has an
overall slightly tilted configuration, with a superimposed
variation due to attachment to the target zones of the in-
commensurate actin lattice (Taylor et al., 1984). Thus, the
contribution of myosin heads in rigor to the 14.3-nm peri-
odicity is stronger than in relaxed muscle but not as strong
as it would be if all heads were projecting at right angles
from the thick filament surface.

In the early part of contraction, the 14.3-nm meridional
intensity is greatly reduced, as reported in x-ray diffraction
experiments by Huxley et al. (1982), indicating that unat-
tached cross-bridges, and perhaps those in the initial at-
tached states, are too disordered to contribute 14.3-nm pe-
riodicity. As tension develops, the 14.3-nm spot again
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becomes stronger (Huxley et al., 1982), indicating that
attached, perhaps tension-bearing, cross-bridges regain
more order at their origin on the thick filament, as do rigor
cross-bridges. The number of attached cross-bridges in iso-
metrically contracting muscles is estimated to be 20-80%
of that in rigor (Matsubara et al., 1975; Goldman and
Simmons, 1977; Cooke et al., 1982; Duong and Reisler,
1989), whereas the 14.3-nm meridional spot is comparable
in rigor and active contraction. If fewer cross-bridges are
attached and the detached ones contribute little to the
14.3-nm intensity, then the intensity per attachment is
greater in contraction. From this, one would predict an
overall more perpendicular attitude of the cross-bridges in
active than in rigor muscle, as directly observed in the
micrographs (Figs. 6 and 7).
The intensities of the myosin layer lines at 43 and 22 nm

decrease dramatically at the onset of contraction, in agree-
ment with x-ray diffraction data (Huxley et al., 1980, 1982;
Yagi et al., 1981). This initial drop does not seem to be
caused by disorder of filament positions, which are well
aligned in the images. The 43-nm layer line is due to the
helical arrangement of the S1 heads on the surface of the
thick filament. The 22-nm forbidden meridional spot is the
second order of 43 nm and indicates a two-fold perturbation
of the three-stranded thick filament helix because it would
not appear from a helix with pure three-fold symmetry
(Haselgrove, 1983). Thus, our data indicate a loss of the
helical arrangement and the two-fold perturbation. At later
stages of contraction, and particularly under maximal ten-
sion (220 ms), both 43- and 22-nm myosin layer lines are
clearly detectable, suggesting that heads find actin targets
while protruding perpendicularly from the filament surface
and retaining the thick filament helical character. In x-ray
diffraction studies, the off-meridional myosin layer lines
retain significant intensity but do not recover toward the
relaxed intensities during the rise of tension, a significant
discrepancy from the current results.

Actin-based intensities

The first actin and myosin layer lines, at 36 and 43 nm,
show up as discrete intensities in our summed power density
spectra of contracting muscles. The two layer lines are also
distinct in individual optical diffraction patterns from the
same fibers (Fig. 5 in Lenart et al., 1993). The 36-nm layer
line is sensitive to cross-bridge decoration of target zones
arrayed on the long-pitch actin helix. The growth of this
layer line, starting 13 ms after photolysis of caged Ca2+,
indicates progressive cross-bridge attachment to actin. It is
not clear why it is located at 38 nm in fibers frozen 13 ms
after activation but at 36 nm at later time points and in rigor.
An increase in the intensity of the 5.9-nm layer line has also
been attributed to cross-bridge interaction (Matsubara et al.,
1984; Wakabayashi et al., 1991) and confirmed by electron
microscopy in freeze-substituted contracting muscle (Sosa
et al., 1994; Hirose et al., 1994).

The intensity of the 36- to 37-nm actin layer line during
contraction has been very difficult to determine by x-ray
diffraction, due to the diffuse nature of the neighboring
myosin 43-nm layer line. Cross-bridge attachment should
increase the intensity, but movement of tropomyosin during
activation tends to reduce the 36-nm layer line intensity
(Yagi, 1991; Harford and Squire, 1992). Wakabayashi et al.
(1991) and Yagi (1991) attempted to resolve this problem
by careful deconvolution of the intensity in the 36- to 43-nm
axial region at lateral positions either where rigor muscles
show a strong intensification (12.5-50 nm) or where the
actin layer line peaks at rest (5.5-12.5 nm). The results of
this analysis have been contradictory; the deconvolutions
gave either a decrease (Wakabayashi et al., 1991) or in-
crease (Yagi, 1991) of the intensity assigned to actin during
contraction.

Tsukita and Yano (1985) reported a strong 36-nm layer
line in contracting rabbit muscles that were frozen and
freeze substituted. However, the contractions lasted for
longer periods than here, and a region depleted of ATP may
have developed in the core of the muscle bundles. Their
images show many angled cross-bridges pointing toward
theM line as in rigor, consistent with this possibility. On the
other hand, Hirose et al. (1993) showed clearly separate 36-
and 43-nm layer lines in optical diffraction patterns from
EMs of rabbit fibers activated for very brief times (50 and
80 ms) by photolysis of caged ATP. In that study the fibers
started from rigor, so the 36-nm layer line was present
throughout the transient, whereas the myosin 43-nm layer
line intensified with time, but at time points other than 50
and 80 ms, the data were not sufficient to determine whether
both lines were present.

In all of these freeze-substitution studies, the possibility
should be considered that the 36-nm layer line is enhanced
by association of myosin heads with the thin filament during
the freeze-substitution step. Against this possibility, the
actin layer line is visible in active fibers freeze substituted
both in the absence (Hirose et al., 1993) and presence (this
paper) of tannic acid, an agent that greatly improves struc-
tural preservation with chemical fixation (Reedy et al.,
1983). Hirose et al. (1994) detected the kinetics of shape
changes and radial distribution of cross-bridge mass in cross
sections of rabbit fibers frozen during activation from rigor
by photolysis of caged ATP. If mass of detached cross-
bridges artifactually collapses on to the actin periodicity
during processing of the samples, it seems unlikely that
these major shape changes of attached cross-bridges would
be observed. Thus, we consider it unlikely that the presence
of the 37-nm layer line in the power spectra (Fig. 9 F) is an
artifact introduced during processing of the muscle fibers
for electron microscopy.
Why is this layer line so intense compared with the

corresponding reflection in x-ray diffraction patterns? Most
likely, cross-bridges associated with actin at the time of
freezing, but too disordered to contribute to the x-ray pat-
tern, are altered during the EM processing in a way that
enhances their periodicity. Internal structural changes in
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these cross-bridges or their relationship with actin might
have this effect. The same phenomenon may also explain
the enhancement of the myosin-based off-meridional layer
lines during force development. If this explanation is cor-

rect, then the strength of the 36-nm layer line obtained here
indicates the presence of many cross-bridges, probably
weakly attached and structurally disordered but marking
actin target zones, during steady contraction. The proportion
of cross-bridges in this state increases gradually during
development of tension.
As active sarcomeres show evidence for both myosin-

and actin-based periodicities, particularly at the peak of
tension, one would expect to detect a layer line at 24 nm, as

in rigor. The 24-nm spacing arises from the actin 36-nm
periodicity convoluted with the axial 14.3-nm spacing of
myosin molecules along the thick filament (1/24 nm

1/14.3 - 1/36 nm) and such an actomyosin layer line has
been observed in recent two-dimensional x-ray diffraction
patterns of contracting muscle (Bordas et al., 1993). The
24-nm layer line is probably hidden in the background
scatter in our power spectra from active muscle.

Other reflections, attributable to
accessory proteins

The increase in the second thin-filament-based layer line at
18 nm in activated muscle has been attributed to changes
associated with a movement of tropomyosin toward the
groove of the long-pitch actin helix (Kress et al., 1986; Yagi
and Matsubara, 1989; Haselgrove, 1973), but it is also
sensitive to cross-bridge binding (Wakabayashi et al., 1991;
Popp at al., 1991; Bordas et al., 1993). There is a faint
18-nm layer line in rigor and at 220 ms after activation, but
the line is not detectable in the relaxed muscle or at 13 or 34
ms after photolysis. Intensity on the meridian at 19 nm is
expected from the disposition of troponin, and in x-ray

patterns this intensity also increases in contraction. We see

a weak 19-nm layer line at 13 ms that strengthens later in
contraction. The origin of this intensity is not known.
The complex clusters on the meridian near 43 and 22 nm

are due to axial periodicities of myosin and, presumably,
accessory proteins in the thick filament. Among the merid-
ional spots present, the one at 43 nm is thought to be mainly
caused by C-protein (Rome et al., 1973b), which leads to the
strong transverse striping in the EMs (Figs. 2 and 3), and the
one close to 38 nm has been assigned to troponin (Rome et
al., 1973a). As mentioned earlier, the 22-nm spot is the
second order of 43 nm and indicates a two-fold perturbation
of the three-stranded thick filament helix. Weakening of
both the 22- and 43-nm spots in rigor and contraction
indicates changes of the C-protein disposition and disap-
pearance of the two-fold perturbation. These results are

consistent with x-ray experiments. The 43-nm meridional
spot, however, reappears at 220 ms and in rigor, possibly
indicating that the accessory proteins are fairly ordered in

do not see the strong cross-banding observed in relaxing
solution.

Significance of lateral shifts of actin- and
myosin-based layer lines

We interpret lateral distances of the layer line peaks as
indications of the radial position of cross-bridge mass with
respect to the thick or thin filaments. However, it should be
noted that the proposed ordering of attached cross-bridges
during processing of the frozen samples, proposed above to
explain the higher intensity of the 37- and 43-nm layer lines
during contraction here relative to x-ray diffraction spectra,
might also affect the radial mass distribution. Also, shifts of
filaments in the direction of the fiber axis could cause some
of the lateral changes in peak layer line positions by affect-
ing interfilament coherence and the sampling of the layer
lines by the filament lattice. There is no independent esti-
mate of the degree of modulation due to this sampling, so
conclusions based on the radial spacings are somewhat
uncertain.
The observed lateral shift of the 43-nm layer line peak

toward the meridian shortly after photorelease of Ca21
(Table 2) is consistent with radial motions of the heads
away from the thick filament surface, seen in the micro-
graphs (cf. Figs. 2 and 6). After 13 ms, the slight shift of the
43-nm layer line position away from the meridian may
indicate that the region of the myosin molecule that main-
tains the helical character defined by the thick filament
backbone (possibly the light chain region) is closer to the
thick filament surface again. The observed intensity in-
crease implies a progressively increasing mass of cross-
bridges settling onto the myosin helical net. In the rigor
pattern, the 43-nm layer line is not separate from the 36-nm
one, so we do not have reliable information on the lateral
position of the myosin layer line in rigor.

Changes in the peak intensity and position of the 36-nm
layer line are dramatic and clearly accompany tension de-
velopment. Assuming that these results are not artifacts due
to lattice sampling along the layer line, they suggest that the
average radial distance of cross-bridge mass from the center
of the actin filaments decreases during force development
and is approximately equal at maximal tension and in rigor.
This interpretation is consistent with the high fraction of
cross-bridges that are closely apposed and slewed tightly
around the actin filaments observed in rabbit muscle during
late tension development and in rigor (Hirose et al., 1994).
The present experiments supplement x-ray diffraction

experiments on live frog muscle in steady states and during
the onset of tetanic stimulation. Although there are some
considerable differences, many features of the computed
power density spectra of our EMs are similar to the corre-
sponding x-ray diffraction spectra. The strong myosin layer
lines present in relaxation result from helical tracks of
myosin heads directly observed in the EMs. Preservation of
these tracks helps to validate the structural preservation
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the steady active and rigor states. However, in the EMs we
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achieved. Upon activation, both electron microscopy and
x-ray diffraction show initial weakening of meridional in-
tensities attributable to the axial periodicity of the myosin
heads and later intensification and lateral broadening of the
14.3-nm meridional spot. Myosin layer lines recorded with
both techniques initially weaken, but then the 43-nm layer
line obtained here becomes relatively stronger than the
corresponding x-ray layer line late during tension develop-
ment. The actin layer line at 37 nm in our spectra is much
stronger during contraction than in relaxation, whereas in
x-ray diffraction patterns it is hardly intensified. The most
likely explanation for these quantitative differences is alter-
ation of the structure of attached cross-bridges during pro-
cessing for electron microscopy. Taken together, the results
suggest that, during steady contraction, many cross-bridges
that contribute little to the x-ray diffraction pattern due to
structural inhomogeneity, are nevertheless associated with
actin at the target zones determined by the thin filament
helix and retain considerable myosin-based order. Whether
this group of variably shaped attachments contributes to
force or stiffness is not known.
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