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Abstract. We have investigated the structure of the 
crossbridges in muscles rapidly frozen while relaxed, 
in rigor, and at various times after activation from 
rigor by flash photolysis of caged ATE We used Fou- 
rier analysis of images of cross sections to obtain an 
average view of the muscle structure, and correspon- 
dence analysis to extract information about individual 
crossbridge shapes. The crossbridge structure changes 
dramatically between relaxed, rigor, and with time af- 
ter ATP release. In relaxed muscle, most crossbridges 
are detached. In rigor, all are attached and have a 
characteristic asymmetric shape that shows strong left- 
handed curvature when viewed from the M-line to- 
wards the Z-line. Immediately after ATP release, be- 

fore significant force has developed (20 ms) the homo- 
geneous rigor population is replaced by a much more 
diverse collection of crossbridge shapes. Over the next 
few hundred milliseconds, the proportion of attached 
crossbridges changes little, but the distribution of the 
crossbridges among different structural classes con- 
tinues to evolve. Some forms of attached crossbridge 
(presumably weakly attached) increase at early times 
when tension is low. The proportion of several other 
attached non-rigor crossbridge shapes increases in par- 
allel with the development of active tension. The 
results lend strong support to models of muscle con- 
traction that have attributed force generation to struc- 
tural changes in attached crossbridges. 

complete understanding of a motile system would al- 
low assignment of a specific structural configuration 
to each of the biochemical and mechanical inter- 

mediates in the cycle of the motor. In the case of skeletal 
muscle, energy-transducing crossbridges connecting the ac- 
tin and myosin filaments constitute the motor. A goal that is 
more modest than complete understanding, but heretofore 
unrealized, is to observe the changes in structure of the actin 
and myosin molecules that occur between the initial attach- 
ment of crossbridges and their force-producing state. Direct 
visualization of these structural changes would provide enor- 
mous help toward explaining the mechanism of active fila- 
ment sliding. 

The structure of the rigor crossbridge (i.e., the actin-myo- 
sin link formed in the absence of ATP) has been well defined 
by electron microscopy both in isolated complexes in vitro, 
where all actomyosin pairs are identical (Taylor and Amos, 
1981; Vibert and Craig, 1982; Toyoshima and Wakabayashi, 
1985a,b; Milligan and Flicker, 1987; Flicker et al., 1991) 
and in muscle fibers, where the restricted choice of sites of 
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origin and attachment on the myosin and actin impose vari- 
able structural distortions (Reedy and Reedy, 1985; Taylor 
et al., 1986, 1989). The study of actomyosin-based motility 
has recently been invigorated by the report of the atomic 
structure of myosin subfragment 1 (Payment et al., 1993b), 
the motor domain of the protein, containing the actin and 
ATP binding sites. Combining this with the biochemical 
knowledge of the location of ATP and actin binding sites 
(Sutoh et al., 1986; Tokunaga et al., 1987; Yount et al., 
1992), an atomic model of the actin filament (Holmes et al., 
1990), and structural constraints derived from EM work 
(Milligan et al., 1990; Winkelmann et al., 1991), an atomic 
level model of the actomyosin interaction in the absence of 
ATP and detailed predictions of its changes during activity 
are now possible (Payment et al., 1993a; Payment and 
Holden, 1994). 

Crossbridges in activated fibers have been more difficult 
to study, because of their dynamic nature, than rigor cross- 
bridges. EM pictures of the isolated myosin-actin complex 
in the presence of ATP were obtained by rapidly stopping the 
motion using various approaches (Craig et al., 1985; Ap- 
plegate and Flicker, 1987; Katayama, 1989; Frado and 
Craig, 1992; Funatsu et al., 1993; Pollard et al., 1993; 
Walker et al., 1994). Active crossbridges have also been 
trapped in situ, within the ordered structure of the muscle 
fiber, by using rapid freezing (Tsukita and Yano, 1985; 
Hirose and Wakabayashi, 1993; Hirose et al., 1993). Al- 
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though not in agreement on details, these studies indicate 
differences in the overall appearance of populations of cross- 
bridges in the presence and absence of ATP (but see Pollard 
et al., 1993) which are consistent with the changes from 
rigor to activation identified by x-ray diffraction studies 
(Huxley and Faruqi, 1983). However, matching these popu- 
lation differences to specific events of force generation and 
sliding has been difficult because during contraction many 
different biochemical and structural intermediates are simul- 
taneously present. 

Techniques that allow dissection of events in time, such as 
x-ray diffraction (Huxley and Faruqi, 1983) and ultra rapid 
freezing electron microscopy have the potential to identify 
the sequence of structural intermediates that underlie activa- 
tion and development of force and sliding. X-ray diffraction 
has two major advantages over electron microscopy for this 
goal: it is capable of higher resolution than thin section EM, 
and x-ray diffraction spectra can be recorded in real time 
from intact muscle fibers. However, x-ray measurements are 
an average of all crossbridges. While a shift in this average 
can be detected, translating such shifts into actual changes 
of individual crossbridge configurations is not straight- 
forward. 

Electron microscopy circumvents some of the limitations 
of x-ray diffraction, albeit at the cost of lower resolution and 
the risk of introducing artifacts during sample preparation. 
Rapid freezing electron microscopy was combined with par- 
tiaUy synchronized activation by photolysis of caged com- 
pounds to obtain time resolved images (Hirose et al., 1993; 
Lenart et al., 1993). These studies identified major variabil- 
ity of the shape and angle of the myosin heads during force 
development, which is established very early after photo- 
liberation of ATE However, sequential changes of the indi- 
vidual crossbridges from initial attachment to the force-pro- 
ducing states were difficult to detect because of the structural 
variability that was present even in the rapidly activated 
fibers. 

In the present work we also used the rapid freezing tech- 
nique on muscle fibers activated by photolysis of caged ATE 
In this case we examined cross sections of the fibers to quan- 
titate the mass and shape of the molecules in the radial and 
azimuthal directions around the thick filaments. By keeping 
track of the direction of view, we preserved the intrinsic 
handedness of the crossbridge structure, which is clearly 
seen in our results. We used correspondence analysis that 
has been so effective in identifying structural attributes of 
ribosomes and other non-crystalline biological structures 
(Harauz et al., 1988; Frank, 1990) to classify objectively in- 
dividual crossbridges in the micrographs. This allowed sev- 
eral discrete crossbridge shapes to be distinguished, and 
their proportions as a function of time could be determined 
during activation. Comparison of these time courses with the 
development of tension provides constraints on the relation- 
ship of the various crossbridge shapes to the force generating 
event. Moreover the images obtained in rigor with known 
directionality could be compared with the structures ex- 
pected from reconstruction of decorated thin filaments and 
the atomic map of the S1 head. Some of the results have been 
briefly reported in Hirose, K., J. M. Murray, C. Franzini- 
Armstrong, and Y. E. Goldman. 1993. Biophys. J. 64:27a. 

Materials and Methods 

Specimen Preparation and Microscopy 
Preparation of Muscle Fibers and Rapid Freezing During Activation. 
Muscle fibers were chemically skinned and rapidly frozen during activation 
by photolysis of caged ATP as described previously (Hirose et al., 1993). 
Briefly, rabbit psoas muscle fibers were treated in a relaxing solution con- 
taining Triton X-100. Small bundles (1-5 fibers) were dissected and mounted 
on a freezing head (modified from a Cryo-press, Med-Vae Inc., St. Louis, 
MO). The fiber bundles were sequentially put into rigor, Ca 2+ rigor, and 
finally Ca2+-rigor solution with 10 mM caged ATE They were frozen by 
allowing the freezing head to fall onto a metal block cooled by liquid 
helium. Caged ATP was photolysed by a laser pulse triggered at 20, 50, 80, 
or 300 ms before freezing. Control fibers were frozen in rigor and in relax- 
ing solutions. An oscilloscope trace of the muscle fiber tension, along with 
the timing of release, flash, and smash, was recorded on diskette. 

Electron Microscopy. The frozen fibers were freeze-substituted with 
2-4% OsO4 in acetone at -80°C for 2-4 d, warmed to room temperature, 
stained en block with 1% uranyl acetate in acetone, and then embedded in 
araldite. Thin sections were cut perpendicular to the fiber long axis and 
stained with potassium permanganate and lead citrate. The resultant cross- 
sectional images contain myofibrils with two opposite directions of view: 
from the M-line towards the Z-line or from the Z-line towards the M-line. 
The direction of view is difficult to determine simply by examining an im- 
age. For most of the images used for classifying the erossbridge shapes by 
correspondence analysis, the direction of view was determined by serial sec- 
tioning of the fibers over a length of '~ 2/~m (70 sections), including thin 
sections (20 run) interspersed between thicker sections (40-70 am), 
sufficient to be sure of including a length of the fiber extending from the 
middle of the thick filaments (M-line region) through and beyond the ends 
of the thick filaments. By taking low magnification micrographs of the 
thicker sections along this series at intervals of 5-10 sections, we could iden- 
tify a fibril for which we had cut a complete M-line through Z-line se- 
quence. We then used these low magnification micrographs to relocate this 
fibril and collect high magnification images of the thinner cmss sections, 
taking care to control the orientation of the grid in the microscope and 
orientation of the film in the digitizer. By following this procedure, we knew 
the direction of view (e.g., from M-line towards Z-line) for each cross sec- 
tion and could therefore orient them all the same way. Micrographs for anal- 
ysis were then obtained at a magnification of 24,400 from the sections of 
~,20-nm thickness. Off-axis focusing was used to minimize the electron 
dose to the sample. All images in Figs. 2-7 are displayed as if viewed look- 
ing from the M-line toward the Z-line. 

Selection of Images and Digitization. The criteria for choosing areas 
to use for image processing were: (a) good freezing; (b) location well into 
the A-band (Regions close to the I-band were avoided because the thick fila- 
ments are thinner there.); (c) the plane of the section was as near as possible 
perpendicular to the filaments; (d) the filament lattice appeared well- 
ordered. 

Image Processing 
Fourier Filtration of Cross-sectional Images. All of the routine image pro- 
cessing and display operations utilized the Semper image processing soR- 
ware (Synoptics Ltd, Cambridge, UK). Electron micrographs of cross sec- 
tions were selected for processing by examination of their optical diffraction 
patterns. Regions that appeared reasonably well ordered by optical diffrac- 
tion were digitized on a raster of 25/~m (for image magnification of 24,400) 
using a microdensitometer (Model 1010(3; Perkin-Elmer Corp., Norwalk, 
CT). Digitized images were corrected for lattice distortions using an un- 
bending procedure similar to that described by Henderson et al. (1986). 
Briefly, a small well-ordered region within each micrograph was chosen as 
reference, and the cross-correlation map of this region with the rest of the 
image was calculated. Each peak of the cross-correlation map was assigned 
a lattice index, and its displacement from the ideal hexagonal lattice position 
was calculated. The resultant list of lattice displacements was used to warp 
(using a least-squares smoothed bicubic spline approximation [Henderson 
et al., 1986]) the original image onto a regular hexagonal lattice. 

After scaling all of the images to zero mean density and equal variance, 
Fourier transforms were computed. For calculating [13]/[1,0] ratios, the 
density was summed within a 5 by 5 pixel box centered on the reciprocal 
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lattice points. The background density was estimated using the density 
values from a nearby area outside the peak, then subtracted from the sum. 
For calculating averaged density maps, the average phase residuals for each 
time-point were calculated as the sum of the absolute deviations of the sym- 
metry related spots from their consensus value (which ideally is always 0 
or ~r for p6 symmetry), divided by the total number of reflections. An aver- 
age density map for each unbent image was computed by masking its Fou- 
rier transform to include only the reciprocal lattice points of the hexagonal 
lattice, enforcing p6 symmetry, and then calculating the inverse Fourier 
transform. A number of filtered images of different cross sections from each 
time point were averaged together to give the final density maps (21 for 
rigor, 7 for relaxed, and 11, 12, 13, 12 for 20, 50, 80, 300 ms after caged 
ATP photolysis, respectively). 

Before computing difference maps between the different time points, we 
must scale the intensity of each image to make them comparable. Random 
variations in a number of factors (e.g., specimen thickness, degree of stain- 
ing, microscope defocus and objective aperture settings, and film develop- 
ment) lead to artifactual variations in contrast. In addition, there are real 
variations between specimens that are not relevant to our concern with 
changes in crossbridge distribution. For example, rigor fibers are always 
better ordered than relaxed fibers, hence will retain a higher fraction of their 
true contrast after Fourier filtration. To get a reliable picture oftbe changes 
in the crossbridges, we have somehow to normalize the images to remove 
this irrelevant contrast variation. The most straightforward assumption, that 
the total scattering per unit cell remains constant during the activation pro- 
cess, turned out to be not applicable. If we tried to normalize the images 
by setting the mean value of each image to zero and making the total vari- 
ance the same for all images, then the difference maps showed unreasonably 
large apparent variations in the density of the center of the thick filament 
backbone. Therefore we adopted an alternative normalization method, ad- 
justing the total variance so that there was no significant change in the thick 
filament backbone among different time points. For simplicity, we scaled 
all of the density maps so that the average density within 6 um from the 
center of the thick filament had equal value. This procedure leads to differ- 
ence maps whose main features are compatible with the major changes ex- 
pected on the basis of time resolved x-ray measurements of muscle during 
activation (Huxley and Faruqi, 1983), giving some confidence that the nor- 
realization is approximately correct. 

Correspondence Analysis of Crassbridge Images. We developed a semi- 
automated method of locating individual crossbridges within a cross section 
and extracting each one into a separate small subimage. First, we con- 
structed a list containing the locations of all possible nearest-neighbor ac- 
tin-myosin (A-M) pairs (i.e., all potential crossbridge locations). This list 
was used to mark a graphic display oftbe original cross section, which al- 
lowed us to recognize and remove obvious defects (e.g., deposits of precipi- 
tated stain), and to add any potential crossbridge locations overlooked by 
the automated procedure. Apart from this editing, which removed less than 
0.5% of the A-M pairs in any image, we used every A-M pair found within 
the successfully unbent region of each micrograph, without further selec- 
tion. The corrected list of A-M pair locations was used to extract small 
subimages, regions just large enough and oriented appropriately to contain 
a single actin and one of its nearest-neighbor myosins, at each of these 
potential crossbridge locations. We brought all of the small subimages (each 
containing one A-M pair) from a single cross section into precisely the same 
orientation and magnification by three cycles of rotational and translational 
cross-correlation alignment and rcscaling, using the global average of each 
cycle as the reference image for the next cycle. The entire set of aligned 
A-M pairs (r~10,000 subimages, derived from 5-7 cross sections at 
each time point; a total of 70957 subimages from 35 cross sections) was 
normalized to constant mean and variance (Unser et al., 1989; Unser and 
Eden, 1990), with the variance chosen to ensure that there would be no 
negative pixels in the final data. This data set was then subjected to corre- 
spondence analysis (van Heel, 1984; Frank, 1990; Greenacre, 1993; Le- 
hart, 1993) using software modified from a package written by and kindly 
supplied to us by J. E Bretaudiere (Bretaudiere et al., 1981; Bretaudiere 
and Frank, 1986). We used a mask to exclude the region of the suhimages 
containing most of the myosin filament backbones from the analysis, so that 
the variance components resolved by correspondence analysis would arise 
predominantly from differences in the crossbridges. The 16 largest eigen- 
vectors of the matrix of pixel covariances were computed, of which the first 
12 were used for classification as described below. 

We determined the absolute hand of the crossbridge structure by serially 
sectioning each fiber as described above. For two cross section images from 
the 80-ms time point, and three from the 300-ms time point, we did not 

have a set of serial sections to use for determining orientation. To determine 
the correct orientation of these five cross sections we used the unequal dis- 
tribution of crossbridge mass in the aligned and averaged images of A-M 
pairs. 

Classification of Crossbridge Shapes. The 12 largest eigenvectors (com- 
ponents of variance) of the pixel covariance matrix were used to classify 
the set of A-M pair images from each time point separately. Every A-M pair 
image can be represented as a combination of the 12 eigenvectors in differ- 
ent proportions. The 12 proportions needed to represent a particular image 
denote its location in a 12-dimensional factor space. The first step of 
classification identified clusters (i.e., images having similar coordinates in 
the 12-dimensional factor space) based on four cycles of the dynamic clouds 
method (Diday, 1971; Frank, 1990). One cycle of this method consisted of 
five iterative partitionings around five centers. The initial five centers (seed 
objects) for each cycle were drawn at random from the entire set of A-M 
pair images. All images were individually grouped with the closest one 
(smallest Euclidean distance in factor space) of these five seed objects. 
Next, five new centers were computed as the centroids of each of the five 
clusters of assignod images. In the next iteration, all images were then reas- 
signed to the closest one of the five new centers, and this process was iter- 
ated five times. Repetition of the entire cycle four times (starting each time 
with a fresh set of five randomly chosen seed objects) defines 625 (= 54) 
clusters, each cluster characterized by a unique combination of four centers, 
one center from each cycle. The 49 largest of these 625 clusters were re- 
tained, and the remainder were coalesced into a fiftieth cluster deemed, 
temporarily, unclassifiable. 

This partitioning by dynamic clouds was then annealed by considering 
each image in turn, allowing it to migrate to a different cluster if the total 
intrachister variance would be thereby decreased, otherwise keeping it in 
its original cluster (va~ Heel, 1984). After each migration, the centroids 
of the donor and recipient cluster were updated. Sequential passes through 
the entire set of images were made until the clusters stabilized. At the end 
of this process, typically 10-15 % of the images remained in cluster number 
50, the unclassifiables. We formed an average image for each cluster by cal- 
culating the mean values, over all the images in the cluster, of the compo- 
nents of variance along each of the 12 identified variance axes. These aver- 
age images are thus filtered in the sense that all components of variance 
other than those identified with the 12 largest eigenvectors have been elimi- 
nated. We denote these cluster averages as centroid images. For compari- 
son, we also computed unfiltered average images by simply summing all of 
the A-M pairs belonging to a cluster. As expected, since the centroid images 
contain all the major variance components, the centroid image and the 
unfiltered average image were very similar. 

When we examined the centroid images of the 49 stable clusters, 
identified as described above, we found that many of them differed in ways 
that were either insignificant or irrelevant for our purpose of classifying 
crossbridge shapes. Therefore, the 49 stable clusters were further ag- 
gregated by manually assigning them to one of 16 classes on the basis of 
the appearance of the crossbridge in the centroid image of each cluster. In 
other words, by ignoring differences outside the region of the crossbridge 
(see Results), we collapsed the 49 objectively obtained clusters down into 
a set of 16 classes that were more meaningful for our purposes. Hierarchical 
ascendant classification using Wbsd's criterion (Ward, 1963) produced a 
dendrogram for aggregation of the 49 clusters that was quite similar to the 
manual assignment. Each time point produced an essentially identical 
repertoire of 16 classes. The proportion of images falling into each of the 
16 classes was determined for each time point, and is given in Results. Cen- 
troid images and unfiltered averages were also computed for these final 16 
classes. As for the 49 objectively obtained clusters, the centroid images and 
the unfiltered averages were similar for each of the 16 aggregated classes. 

Validation of Correspondence Analysis and Classification. We carried 
out several control procedures to validate the correspondence analysis and 
subsequent classification. In the first control, we checked that our methods 
could correctly retrieve a set of known structures from noisy data. We con- 
structed a test data set by embedding a large number of model crossbridge 
images of 16 different types in fields of random noise having the same spec- 
tral distribution as the noise in our real data. The signal/noise ratio in the 
test images was made much worse than in our actual data, and sufficiently 
low that the test images were essentially invisible after embedding in the 
noise. Correspondence analysis followed by classification using the dy- 
namic clouds technique with subsequent annealing was used to produce a 
partitioning into 49 clusters as described above. These 49 clusters were then 
aggregated by hierarchical ascendant classification using Ward's criterion 
into larger clusters. There is no general rigorous method of determining 
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how many distinct classes "exist" within a set of data (Mezzich and Solo- 
mon, 1980), so external criteria must be applied to make this decision. 
However, some statistical measures have been developed to serve as a guide. 
Using both the Calinski-Harabasz (1974) and the modified Hubert (Hubert 
and Arabic, 1985; Dubes, 1987) criteria, 16 classes were retrieved from the 
hierarchical ascendant classification. These 16 matched the input test im- 
ages quite well. Thus the software acting on realistic data successfully 
retrieves only the structures known to be present. 

In a second control, we simply repeated the classification of our real data 
using a different set of random seed objects as initial centers. The 16 classes 
formed were virtually identical to those formed previously, and the distribu- 
tion between classes for each time point agreed to within a few percent. 

In a third control procedure we carried out correspondence analysis and 
classification independently on data from each time point, instead of lump- 
ing all time points together for the eigenvector analysis. The sets of eigen- 
vectors identified for the different time points were all different (they could 
all be recognized as alternative choices of coordinate axes in factor spaces 
with similar strong variance components), but the set of reconstituted cen- 
troid images from the final groups were essentially identical among all the 
time points. In other words, the same repertoire of crossbridge shapes was 
identified at each time point, even though a different set of eigenvectors was 

employed in each case. This gives very strong confirmation that the different 
classes of crossbridge shapes that we have identified represent real struc- 
tural differences present in the original data. 

Resul ts  

Rapid Freezing of  Activated Muscles 

Skinned fibers f rom rabbit  psoas musc le  were  rapidly frozen 
whi le  ei ther  relaxed,  in rigor, o r  at var ious t imes after  activa- 
t ion f rom r igor  by flash photolysis  o f  caged A T E  We 
searched for structural  changes  accompanying  activation by 
analyzing e lec t ron micrographs  of  cross sections of  fibers. 
Fig. 1 shows a low magnif icat ion v iew of  a cross section and 
a typical  tension record.  The  edge of  the fiber, the surface 
which  made  direct  contac t  wi th  the l iquid he l ium cooled  
freezing block,  is v is ib le  at the top  r ight  of  the figure. It is 
apparent  f rom the images  (and f rom their  Four ie r  trans- 

Figure 1. Low magnification electron micrograph of a cross section of a muscle fiber frozen at 50 ms after ATP release and prepared as 
described in Materials and Methods. The surface that made contact with the freezing block is at the top right corner. The region of good 
structural preservation extends through approximately two-thirds of the area shown. At the lower left corner some freezing damage is mani- 
fest as breaks and irregularities in the filament lattice. The inset shows a typical tension record for another fiber that was frozen 300 ms 
after ATP release. Photolysis of caged ATP occurs at the time indicated by Flash. The plunger holding the fiber and tension transducer 
falls toward a liquid helium cooled block (Drop) until contact occurs at Smash. Bar, 1 txm. 
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Figure 2. Images and power spectra of cross sections of fibers frozen while relaxed, in rigor, and at various times after release of ATP 
by flash photolysis. The images have been "unbent" as described in Materials and Methods. The power spectra are sums derived from 
7-21 individual images. All images and power spectra are in the same orientation. (a) Relaxed, the arrows indicate the directions of the 
a* and b* axes; the small white circle and diamond in the power spectrum enclose a [1,0] and a [1,1] spot, respectively; (b) rigor, the circle 
in the image encloses a central thick filament surrounded by six thin filaments; (c) 20 ms; (d) 50 ms; (e) 80 ms; (f)  300 ms. Bar, 100 nm. 
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forms, see below) that the myofibrils have not been com- 
pressed, nor is there any sign of freezing damage for a depth 
of more than 5/~m from the surface. All of the micrographs 
we have analyzed are images of cross sections cut from 
regions of well-preserved structure near the edge of fibers 
such as this one. 

Higher magnification views of cross sections of fibers that 
were frozen while relaxed, in rigor, and at 20, 50, 80, and 
300 ms after release of ATP are shown in Fig. 2. In overall 
appearance the fibers are clearly different. Particularly when 
comparing rigor and relaxed, the apparent size of the actin 
filaments differs noticeably. In relaxed fibers, the actin fila- 
ments appear smail and are easily distinguished from the my- 
osin filaments, whereas in rigor the two filaments appear to 
have similar diameters. In the images of active fibers, the ac- 
tin filaments appear to have diameters intermediate between 
those in rigor and in relaxed fibers. Closer inspection reveals 
characteristic differences also in the appearance and di- 
ameters of the myosin filaments in relaxed, rigor, and active 
fibers. For example, the thick filament perimeter frequently 
looks almost round in rigor, whereas it often looks irregular 
in the cross sections of active muscle. 

In many cases thin lines of density ("crossbridges') can be 
seen between neighboring actin and myosin filaments. The 
sections are quite thin (m20 nm) and the crossbridges there- 
fore are seen with much higher relative contrast than is usu- 
ally seen in thicker sections. Crossbridges are prominent in 
the active and rigor images, but are clearly visible also in the 
relaxed fibers. The number of visible crossbridges extending 
from a single myosin filament to its six actin neighbors is 
variable, from none in some cases to the maximum of six in 
others (see Discussion). We have not observed any regular 
pattern in the distribution of these filled and empty potential 
crossbridge sites. 

Fourier Transforms of  Cross Sections 

We used Fourier analysis to extract information about the av- 
erage structure in the images. Each image was first corrected 
for geometric distortions of the filament lattice caused by the 
sectioning or other steps of the preparative procedure. A 
standard ~unbending" procedure, as described in Materials 
and Methods, was used to recast each image onto a regular 
hexagonal lattice of constant spacing. Fourier transforms and 
power spectra were computed. Power spectra from a number 
of different images of each time point were summed to give 
a clearer picture of the intensity distribution. These summed 
power spectra are displayed as insets in each panel of Fig. 
2. The highest resolution spots visible in the figure cor- 
respond to a spacing of 1/8.5 um-~ ([4,0] and [3,2], visible 
most dearly at 300 ms), but in the numerical output of 
the summed power spectra there were significant peaks at the 
[1,5] lattice positions, corresponding to ,x,l/6 nm -~. The 
highest resolution spots visible in power spectra from indi- 
vidual raw images before unbending were at a spacing of 
,~1/9 nm -l. 

Movements of mass from the vicinity of the thick filaments 
to the thin filaments is observed in x-ray experiments as a 
change in relative intensity of the [1,0] and [1,1] equatorial 
peaks in the fiber diffraction pattern (Huxley and Brown, 
1967). For a number of reasons (see Discussion) only 
qualitative agreement between x-ray and our EM data can be 
expected. It is interesting nevertheless to compare changes 

Tab le I. [1,1 ]/[I, O] Intensity Ratios from EM and x-ray 

relax rigor 20 ms 50 ms 80 ms 300 ms 

EMa 0.5(0.2) 4.2(1.6) 2.8(1.3) 2.1(0.7) 1.7(0.4) 2.3(0.7) 

x-rayb 1.3 0.6 4.3 3.6 1.6 1.9 

a The ratio of the lattice reflections has been divided by ~,/'3 since the x-ray in- 
tensities are rotational averages: i.e., decrease in proportion to radius. The values 
are average (SD). 
b From reference (Huxley, 1968), for rabbit psoas or, in italics, from (Hasel- 
grove and Huxley, 1973) for fro 8 sartorius. The 300 ms rabbit value is from 
(Brenner and Yu, 1985). 

upon activation in the [1,1]/[1,0] intensity ratio derived from 
our images with the corresponding x-ray measurements on 
live contracting muscle. Table I shows such a comparison. 

The values in the table are derived from intensities in- 
tegrated over entire peaks, which are somewhat broadened 
as seen in the power spectra in Fig. 2. There is an approxi- 
mate eightfold change in the [1,1]/[1,0] ratio comparing re- 
laxed to rigor muscle. After ATP release, the ratio first 
decreases, then later increases again slightly. Our early time 
point measurements are not directly comparable to the avail- 
able quantitative x-ray results, since our muscles are acti- 
vated from rigor instead of from the relaxed state. At 300 ms, 
the muscle is generating maximal tension, so this time point 
should correspond roughly to the isometric contractions 
studied by x-ray diffraction (Haselgrove and Huxley, 1973; 
Brenner and Yu, 1985). As Table I shows, there is reasonable 
agreement between the pattern of changes in our data and 
that seen in x-ray experiments. 

Fourier l~ltration 

The Fourier transforms of images at each time point were 
also used to calculate noise-filtered views of the average unit 
cells. In the A-band of rabbit muscle, the thick filament is 
surrounded by six thin filaments arranged on a hexagonal lat- 
rice. This arrangement gives sixfold rotational symmetry 
around the thick filament if we ignore the detailed structure 
of thick and thin filaments. If we consider the three-start he- 
lical structure of a thick filament, cross-sectional images of 
individual thick filaments should give threefold, not sixfold 
symmetry. However, the image of a myofibril as a whole does 
not have threefold symmetry, because the thick filaments in 
rabbit muscle are not rotationally aligned (Squire et al., 
1990). We compared the phase residuals calculated on the 
assumption of either sixfold or threefold symmetry for our 
images of rigor muscle. The threefold residual was no 
smaller and often larger than the sixfold residual. Thus we 
calculated the averaged images assuming sixfold symmetry. 
All lattice reflections out to a resolution of 1/9 nm -l were 
included in the Fourier syntheses. Fourier filtered data from 
several images (21 for rigor, 7 for relaxed, and 11 to 13 for 
activated fibers) were put into the same orientation and 
direction of view (see Materials and Methods) and then 
summed to make the final density maps. The average ampli- 
tudes and phases are listed in Table II. To make this data use- 
ful for Fourier filtration, we extracted the Fourier compo- 
nents located exactly on the reciprocal lattice positions only, 
not integrated over entire peaks. Thus the [1,1] and [1,0] am- 
plitudes do not yield the same values for the [1,1]/[1,0] ratio 
as given for the integrated intensities in Table I. The results 
of the Fourier filtration arc shown in Fig. 3 a. Only a portion 
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Figure 3. Fourier-filtered av- 
erage images and difference 
maps derived from cross sec- 
tions of fibers. In each case a 
portion of a unit cell contain- 
ing one thick and one thin fila- 
ment is shown. The complete 
image has sixfold rotational 
symmetry around the center 
of the thick filament. (a) The 
average appearance of cross 
sections of muscle fibers fro- 
zen while relaxed, in rigor, 
and at 20, 50, 80, and 300 ms 
after flash photolysis of caged 
ATE The large and small ar- 
rows point to the myosin and 
actin, respectively. Red indi- 
cates higher density, blue 
lower, according to the 
pseudo-color intensity scale 
shown at the lower left of the 
figure. (b) Changes in inten- 
sity compared to relaxed mus- 
cle. The difference maps were 
computed as described in 
Materials and Methods. (c) 
Changes in intensity com- 
pared to muscle in rigor. (d) 
Sequential changes in inten- 
sity after release of ATE Bar 
(located at the left end of the 
lower row), 10 rim. 

of each unit cell is shown, since the calculated structure has 
sixfold symmetry around the center of the myosin filament. 

The averaged density maps cannot show details of cross- 
bridge shapes (since the crossbridges do not conform to p6 
symmetry), but they do reveal the transfer of mass between 
thick and thin filaments, manifested as changes in apparent 
diameter and distribution of average mass around the fila- 
ments. The thick filament is noticeably larger in relaxed than 
in rigor, whereas the thin filament is smallest in relaxed, 
largest in rigor, and of intermediate size in the active muscle. 
By careful comparison, a number of other differences be- 
tween the various time points can be seen, but a simpler way 
to visualize these changes is by calculating difference maps. 
Fig. 3 b shows the changes compared to relaxed muscle, Fig. 
3 c the changes compared to rigor muscle. 

Consider first the changes relative to relaxed muscle (Fig. 
3 b). In rigor and at all times after the release of ATP, the 
difference maps show a strong positive density centered on 
the actin filament, and a strong annulus of negative density 
at the periphery of the myosin filament. The difference is 
largest in the map of rigor-relax and somewhat smaller in 50 
ms-relax or 80 ms-relax (Fig. 3 b). Stated in terms of mass 
movement, the difference maps show a transfer of material 
from the myosin filament to the actin filament when a relaxed 
muscle goes into rigor or becomes active. This corresponds 
to the results described above in terms of the ratio of the [1,1] 
to [1,0] intensities in the power spectra. At 20 and to a lesser 
extent 50 ms, some of the transferred mass is located in the 
region between two actin filaments. 

Relative to rigor (Fig. 3 c), the fiber at 20 ms after ATP 

release shows a significant decrease in density near the actin 
filament on the side facing the myosin filament. An increase 
in density is seen in the regions between the actin filaments. 
In other words, by 20 ms after release of ATE mass has 
departed the actin filaments, but the net displacement has 
been azimuthal, rather than radial, so the mass has not yet 
returned to the thick filament. At 50 ms, the actin density 
has had a further significant decrease, and now the regions 
of positive density have moved radially to a position closer 
to the myosin filament. At 80 ms, the positive ring around 
the myosin filament is stronger and the positive regions be- 
tween the actin filaments have disappeared. At 300 ms, the 

Table II. Fourier Components (Normalized to 
IFIma~ = 1000) 

[h,k] 
[1,0] [1,1] [2,0] [2,1] II,2] [3,01 [2,2] I3,1] I1,31 [4,0] 

Phase 

0 0 lr x x 0 ~r x x ~r 

IFI 

rigor 517 1000 63 89 50 16 a 45 41 57 20 
20 ms 492 1000 17 b 41 43 72 13 41 44 28 
50 ms 611 1000 25 47 44 79 16 35 45 9 
80 ms 555 1000 65 86 70 68 11 51 57 31 
300 ms 590 1000 25 74 59 75 13 35 36 18 
relax 1000 910 66 59 50 58 1 15 18 c 12 

• 11 out of 21 of the rigor images had lr for the phase of the [3,0] spot. 
b 8 OUt of 1 i of the 20 ms images had 0 for the phase of the 12,0] spot. 
c 3 out of 7 of the relaxed images had 0 for the phase of the [1,3] spot. 
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actin region remains negative, and the myosin periphery re- 
mains positive compared to rigor, but the differences are sub- 
stantially less than at earlier times. 

The sequential changes on going from one time point to 
the next after ATP release are shown in Fig. 3 d. Comparing 
50 to 20 ms (second map in Fig. 3 d) shows a movement of 
mass from the regions between the actin filaments towards 
the periphery of the myosin filament. A very slight continua- 
tion of this movement is the only net change between 50 and 
80 ms. Between 80 and 300 ms, the direction of mass move- 
ment reverses, the net transfer now being from the periphery 
of the myosin filament to the actin filament. 

Some of the images in Fig. 3 c reveal handedness. The den- 
sity contours around the actin filament are not circular, but 
rather have the shape of a triangle with rounded edges. The 
apex of this triangle points slightly to the left of a line joining 
the centers of the actin and myosin filaments. This asym- 
metry shows up most clearly in the difference maps of Fig. 
3 c, where the rigor image has been subtracted from the other 
time points, but on close inspection it is also visible in the 
rigor and 300 ms images of Fig. 3 a. In the Fourier trans- 
form, this right-left asymmetry is manifested as a difference 
between those pairs of spots that are mirror related but not 
sixfold related: the [2,1] and [1,2], or the [3,1] and [1,3] for 
example. As shown in Table n ,  the mirror asymmetry is most 
prominent in rigor, absent at 20 ms, then reappears some- 
what in the 50, 80, and 300 ms transforms. 

Correspondence Analysis of Crossbridge Images 
Although the global averages obtained by Fourier synthesis 
are useful, a much more informative result can be obtained 
by taking account of the heterogeneity in the crossbfidge 
population. Ideally we would like to average together only 
crossbridges of the same structural type. The problem of 
course is to recognize in the somewhat noisy images which 
crossbridges are the same type and which are different. We 
used correspondence analysis (van Heel, 1984; Bretaudiere 
and Frank, 1986; Greenacre, 1993; Lebart, 1993) to ferret 
out the major features that differentiate one crossbridge type 
from another. The crossbridges were obtained from the un- 
bent images of cross sections by a semiautomated extraction 
(see Materials and Methods) of small rectangular regions 
such as shown in Fig. 4, each containing one actin filament 
and a neighboring myosin filament (an A-M pair). Approxi- 
mately 10,000 A-M pairs per time point (70,957 total A-M 
pairs) were analyzed. 

We masked out most of the backbone of the myosin fila- 
ment, and the area outside the crossbridge region to exclude 
contributions near the edges that come from the neighboring 
actins and myosins. The eigenvectors of the pixel covariance 
matrix derived from these masked A-M pair images were 
identified by correspondence analysis. The 12 largest eigen- 
vectors were used to classify the images of A-M pairs into 
16 classes, as described in detail in Materials and Methods. 
For the various time points, 75-87 % of the A-M pairs were 
classifiable into these 16 classes. Fig. 5 shows the character- 
istic appearance of each of these classes, both as reconstitu- 
tions of the centroid of each class (see Materials and 
Methods), and as interpretive sketches, drawn to emphasize 
the features used to distinguish between similar classes. 

The important structural differences that distinguish the 
classes 9btained from the correspondence analysis are as fol- 

Figure 4. Extraction of individual A-M pairs for correspondence 
analysis. Rectangular areas such as shown by the white boxes in the 
figure (27 by 23 pixels, measuring ~42 x 36 nm), were cut out 
of unbent images of thin cross sections as described in Materials 
and Methods. Each box included one myosin and one actin. Every 
adjacent actin-myosin pair was extracted from each of the cross 
sections analyzed, ~10,000 pairs for each time point. 

lows: (a) the presence or absence, and the strength of any 
density contours connecting the actin to the myosin (e.g., 7 
vs. 8 vs. 14 vs. 16), as well as whether the connecting density 
has uniform width or is tapered (e.g., 6 vs. 1); (b) the appar- 
ent site of origin of the crossbridge on the myosin filament 
backbone-from directly underneath the actin (e.g., 2, 4, 7, 
8, and 11), or rotated to the left (e.g., 1, 5, and 6) or right 
(e.g., 3, 9, 10, and 12) of the midline; (c) whether the cross- 
bridge density profile appears straight (e.g., 7, and 8), or is 
bowed to the left (e.g., 1, 2, and 4) or to the fight (e.g., 11 
and 12); (d) the apparent diameter of the actin filament (e.g., 
1 vs. 6) .  

The first 12 of the classes have a strong continuous density 
connecting the actin to the myosin, and this density has a 
characteristic shape in each class. We interpret these densi- 
ties as different shapes or orientations of crossbridges. Simi- 
lar shapes of the myosin head may appear as two different 
density profiles because their sites of origin on the myosin 
filament differ, and they are thus forced to approach the actin 
filament from different angles. A likely example of this sort 
of difference is seen by comparing classes 1, 2, and 3. In all 
three cases, there is extra mass on the bottom-left side of the 
actin profile, indicating that the head region of a crossbridge 
(the motor domain) is located there. The crossbridge density 
tapers near the thick filament. In class 1, the apparent site 
of origin of the crossbridge is located to the left of the mid- 
line, whereas in class 2 it is on the midline, and in class 3 
it is located to the right. In these three classes the left side 
of the outline of the crossbridge density is curved outward 
in the region near the thin filament, but the right side is al- 
most straight. This gives the impression that crossbridges 
approach the thin filament from the left side. Crossbridges 
in classes 4-6 have different shapes from classes 1-3, but 
they also all seem to approach the actin filament from the 
left. Here we call the crossbridges in classes 1-6 left-handed 
crossbridges. Crossbridges in classes 9, 10, 11, and 12 are, 
approximately, the mirror images of 6, 5, 4, and 1, respec- 
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bTgure 5. Images (top two rows) 
and interpretive sketches (bot- 
tom two rows) of the 16 struc- 
tural classes identified by cor- 
respondence analysis. Each 
image extends from a single 
actin filament near the top to 
the periphery of the thick fila- 
ment backbone at the bottom. 
Bar (between second and third 
row), 10 nm. 

tively; they seem to approach the thin filament from the right 
side (right-handed crossbridges). Crossbridges in classes 7 
and 8 are straighter and approach the thin filament from 
directly below (straight crossbridges). 

The images that fall into classes 13 to 15 each have a lobe 
of density protruding from the thick filament, probably cor- 
responding to detached heads. Although it was sometimes 
difficult to decide whether these densities are connected to 
the thin filament or not, images in these classes generally had 
a thin filament with a smooth round contour, surrounded by 
lower density. Images in class 16 have very low density be- 
tween the thick and thin filaments, probably corresponding 
to A-M pairs without myosin heads in this direction (see Dis- 
cussion). 

Table III shows the proportion of A-M pairs falling into 
each class at different time points. The rigor and relaxed 
fibers have a relatively narrow distribution. Classes 1, 2, and 
3 are high in rigor and less than 0.5 % of the total in relaxed. 
In contrast, classes 13, 14, and 15 are high in relaxed and 
less than 0.5 % in rigor. The activated fibers show wider dis- 
tributions, but still there are clear differences. For example, 
class 8 has a maximum at 50 ms, then decreases at later 
times, whereas class 10 is highest at 300 ms. Rigor fibers had 
a preponderance of left-handed crossbridges over right- 
handed (56 % in classes 1-6 vs. 5 % in 9-12). This preponder- 
ance diminishes soon after activation and recovers at later 
times. This is consistent with the handedness revealed by the 
Fourier averaged density maps (Fig. 3). Straight cross- 

Table IlL Classes of  Crossbridges Identified by Correspondence Analysis 
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Figure 6. Time course of 
changes in the structure of 
crossbridges. The proportion 
of each of the classes identified 
by correspondence analysis is 
shown for muscles that are re- 
laxed, in rigor, or at 20, 50, 
80, and 300 ms after release 
of ATP. Classes that exhibit a 
similar time course have been 
plotted together in the same 
graph. Numbers on the verti- 
cal axes indicate percentages 
of the sum of classes 1-15. 

bridges (classes 7 and 8) were few in rigor, but fairly fre- 
quent in contracting muscles, especially at 50 ms. 

l ime Course of  Structural Changes in the Crossbridge 

To simplify further interpretation of this distribution of 
crossbridge shapes, we will exclude class 16, the A-M pairs 
which simply lack available myosin heads. This class ac- 
counts for ,030% of the total images at all time points, a 
value that is determined primarily by section thickness (see 
Discussion). For all subsequent analysis, class 16 has been 
removed and the proportions have been recalculated on the 
basis of the total of classes 1 to 15 only. 

A helpful way of visualizing the distribution is to view the 
changes in each class as a function of time. When this is 
done, each class is found to have a distinctive time course, 
but they all fit roughly into five time profiles, plotted in Fig. 
6, a-e. The first pattern, shown by classes 1, 2, and 3 (Fig. 
6 a) has a very low value in relaxed fibers and is very high 
in rigor, drops to less than half at 20 ms, has a minimum at 
50 ms, then slightly increases at 80 and 300 ms. The second 
pattern, Fig. 6 b (classes 6, 7, 8, and 9) shows some variabil- 
ity, but essentially these classes peak at 50 ms (especially 6, 
8, and 9). Classes 6, 7, and 9 are very low in rigor, and higher 

in relaxed fibers. Most of the attached crossbridges in re- 
laxed fibers belong to these three classes. Classes 5 and 10 
(Fig. 6 c) make a third pattern with a maximum at 300 ms. 
The fourth pattern, formed by classes 4, 11, and 12 (Fig. 6 
d) consists of relatively minor populations that exist mainly 
in active fibers. Finally, a fifth pattern is characteristic of 
classes 13, 14, and 15 (Fig. 6 e), which exist mainly in re- 
laxed fibers, are not seen in rigor, and constitute a very small 
fraction of the crossbridges in active fibers at all time points. 

The similarities among the time courses observed for 
different classes suggests a consolidation of the classes into 
functional groups. We can label these time profiles with 
terms that are useful for connecting our structural data to the 
known biochemical and mechanical events of muscle activa- 
tion. Fig. 6 a is thus denoted a rigor pattern; Fig. 6 e is a 
relaxed pattern, Fig. 6 b is an early active phase, and Fig. 
6 c is a mature contraction phase. Table IV presents the data 
regrouped in this fashion. Although this grouping is based 
on the time course of the populations, there are some struc- 
tural similarities among the class images within a group. For 
example, classes 1, 2, and 3 share common structural fea- 
tures as described above. They have a large actin profile and 
the density tapers near the thick filament. The crossbridge 
density of class 5 and I0 also tapers near the thick filament, 
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Table IV. Crossbridge Classes Grouped by Time Course 

but the center lines of the density in these images are not 
bowed as in class 1 or 2. The images in classes 6, 7, and 9 
are similar in that the actin filament has a small profile and 
the crossbridge density has almost uniform width. The 
crossbridges in class 4 and 11 also have uniform width, but 
are slightly bent. The densities in classes 13-15 are not con- 
nected to the thin filament and are thus thought to be 
detached myosin heads. Considering these structural 
similarities, the different shapes within each time course 
grouping appear to be crossbridges that have a similar con- 
formation for the motor domain but originate from different 
azimuthal positions on the myosin filament. Thus grouping 
the classes solely on the basis of the time course of their 
population changes has yielded groups that would reasona- 
bly be assembled based on structural considerations. 

One or more of the crossbridge shapes that are dominant 
in the rigor images should contain a motor domain that 
matches that part of the structure of S-1 in the recently pub- 
lished crystal structure and in the 3-D reconstruction of 
decorated actin filaments. Fig. 7 shows a comparison of the 
strongly curved rigor crossbridge (class 1) with data from the 
3-D reconstruction of acto-S-1 by Milligan and coworkers 
(Milligan and Flicker, 1987). The acto-S-1 contours repre- 
sent an axial projection of an actin filament containing two 
adjacent attached S-l's, corresponding to a two-headed 
crossbridge. As seen in the figure, the two structures match 
quite well near the actin, but deviate somewhat nearer the 
thick filament backbone. 

Discussion 

The most important conclusion from our data is that we have 
directly observed structural changes in the crossbridge that 
precede and accompany generation of force. This structural 
change has been a postulate for most models of muscle con- 
traction. There has been strong indirect evidence from x-ray 
and probe studies of muscle and EM observation of acto-my- 
osin complexes in vitro that such changes do occur. How- 
ever, direct observation of changes in crossbridge structure 
correlated with onset of force production in muscle has until 
now been lacking. In this paper we have identified several at- 
tached crossbridge shapes that differ from rigor crossbridges 
and were more prominent during force development than at 
steady-state. Shifts among these populations are temporally 
correlated with force development. We need to consider sev- 
eral issues to put together a satisfactory interpretation of 
these structural changes in terms of what we already know 
about the biochemistry, mechanics, and structural correlates 
of muscle contraction. Although we will discuss our results 

Figure 7. Comparison of a rigor crossbridge with the electron den- 
sity map of acto-S-1. Contours from the map of acto-S-1 (Milligan 
and Flicker, 1987) viewed down the actin filament axis are shown 
as black lines. The contours represent the outlines of two S-1 mole- 
cules bound to adjacent actins along one strand of the actin helix, 
plus a circle to indicate the approximate outer border of an extended 
length of actin filament. The density distribution within our class 
1 is shown as a gray scale image. At the bottom of the figure, the 
two are superimposed. Bar, 5 nm. 

in terms of their implications for the mechanism of force 
generation, it is important to bear in mind that the transition 
we actually observe is not between relaxation and full activ- 
ity, but between rigor and full activity. This transition may 
correspond to the sequence of events between the nucleotide 
free state and the force generating states of the subsequent 
cycle. 

Trapping of  Transient States by "Flash and Smash" 

In rabbit psoas fibers at 20°C, '~300 ms are required to com- 
plete each cycle of the actomyosin ATPase reaction (Gold- 
man, 1987). Force develops over a period of •100 ms after 
ATP release. Our rapid freezing apparatus stops motion of 
proteins within '~1 ms (Heuser et al., 1979) by impact with 
a liquid helium-cooled copper block. The minimum time in- 
terval between the laser pulse ("flash"), which photolyzes 
caged ATE and contact with the freezing block ("smash"), 
is •15 ms. At any time from 15 ms after ATP release to com- 
pletion of the first biochemical cycle, the time required to 
trap the current crossbridge population (1 ms) is very short 
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compared to the time course of force development. Preserva- 
tion of native ultrastructure is known to be excellent with 
freeze-substitution (Bridgman and Reese, 1984; Craig et al., 
1992; Sosa et al., 1994). Sections of an intrinsically well- 
ordered protein sample give lattice reflections smaller than 
3 nm (Hirose et al., 1993). Vertebrate muscle is less well- 
ordered, but freeze-substitution of muscle followed by Fou- 
rier analysis of micrographs of thin sections gives lattice 
reflections of 6-7 nm (Lepault et al., 1991; Hirose et al., 
1993; Lenart et ai., 1993; Sosa, H., E. Ouyang, and H. E. 
Huxley. 1993. Biophys J. 64:26a; Sosa et al.,. 1994). The 
highest resolution lattice spots seen in power spectra from 
our images of cross sections are ,,ol/6 am-~. The statisti- 
cally significant differences identified by correspondence 
analysis between the different classes of crossbridge shapes 
extend to a resolution of "~ 3 nm. 

Limitations of Viewing 3-D Structural Changes in 
2-D Projection 
Our images are 2-D projections of the crossbridges con- 
tained in thin cross sections. If there are two different confor- 
mations of the crossbridge that differ from each other in the 
direction of the filament axes, but are identical in mass distri- 
bution in the radial and azimuthal directions, then they will 
be lumped together in a single class by our procedures. It is 
likely that an active crossbridge would bear quite different 
loads, depending on the distance from its site of origin on 
the thick filament to the particular actin it happened to bind. 
Since the repeat lengths of the thick and thin filaments are 
mismatched, there will be crossbridges that have the same 
configuration of the myosin head and the same azimuthal an- 
gle but generate different amounts of force due to different 
axial displacements between their site of origin and their ac- 
tin binding site. Viewing the specimen in 2-D axial projec- 
tion, such crossbridges would be placed in the same struc- 
tural class even though they are mechanically quite different. 

Since our sections are slightly thicker than the subunit pe- 
riodicity of the myosin filaments, some of the images must 
contain two superimposed crossbridges. It is reasonable to 
ask how much of the variation in crossbridge shape that we 
see could be accounted for by artifacts of this superposition. 
The present results identified prominent classes of attached, 
non-rigor-like, crossbridges. If, for example, some cross- 
bridge images observed in active fibers are the superposition 
of rigor-like crossbridges and detached crossbridges, the 
resultant images may appear to contain a third class of 
shapes. Even without superposition, an apparent third class 
might be generated from only two states of the myosin if the 
two heads of a single myosin molecule were in different 
states. The effects of these possible artifactual sources of ap- 
parent structural change on the distribution of observed 
shapes were investigated by extensive model calculations. 
Due to space limitations, these calculations must be pub- 
lished separately (K. Hirose, manuscript in preparation), but 
they are summarized briefly below. 

About 70% of the A-M pair images from each time point 
showed clear density profiles between the thin and thick fila- 
ments corresponding to myosin heads, whereas 30% did not 
have such density. In thin sections a certain proportion of 
A-M pairs should lack crossbridges, since one crown of a 
thick filament has only three myosin molecules to make cross- 
bridges to six neighboring thin filaments. In thicker sections 

the percentage of these empty A-M pairs should decrease. 
From the proportion of empty A-M pairs, we calculated an 
apparent section thickness of 23.2 nm, in good agreement 
with the microtome setting (20 nm). The apparent section 
thickness was the same in relaxed, rigor, and active fibers. 
From the section thickness we can directly calculate the 
proportion of A-M pair images that should contain two su- 
perimposed crossbridges. The estimated percentage of these 
overlapped crossbridges was less than 15 %. 

We attempted to simulate our observed distribution of 
crossbridges among multiple structural classes using only 
two or three basic shapes superimposed on one another, but 
found that the small and constant fraction of superimposed 
crossbridges (15 %) rules out such an explanation. We also 
could not account for the observed distributions by a mixture 
of single and double-headed crossbridges containing heads 
in a small number of different states. Thus, we think that 
most of our different classes do represent distinct structural 
conformations of individual crossbridges. The number of 
distinct biochemical states of the motor domain is probably 
smaller than the number of structural classes, as discussed 
below. 

Since the origin of the crossbridge on the myosin filament 
can have nine different azimuthal orientations, there are at 
least three different positions for the crossbridge origin rela- 
tive to each thin filament. Moreover, actin molecules in the 
thin filament helix have several different azimuthal orienta- 
tions, which would also change the shape of crossbridges. 
Axial displacement due to the mismatch of the thin and thick 
filaments could also change the crossbridge appearance in 
the cross sections. Thus, it is reasonable to expect several 
different crossbridge shapes even for a single biochemical 
state of the motor domain. These shape differences are prob- 
ably particularly noticeable in the stem and neck region of 
the crossbridge. A very clear illustration of this effect was 
previously seen as part of the difference between lead and 
rear crossbridges in rigor insect flight muscle (Reedy and 
Reedy, 1985; Taylor et al., 1986, 1989). 

Correlation of Structural, Biochemical, and 
Mechanical States 
The density between thick and thin filaments was continuous 
in some of the classes (1-12), and discontinuous in'others (13, 
14, and 15), probably corresponding to attached and 
detached crossbridges. The attached crossbridges had more 
than one shape even in rigor fibers that are expected to be 
in a uniform biochemical state. Since we distinguished three 
major different shapes for crossbridges in rigor fibers that 
probably have a single conformation of the motor domain, 
we might expect that other biochemical states of the cross- 
bridge would also be represented by about three structural 
classes. Our 15 different classes then probably represent ap- 
proximately five different motor domain conformations. In 
fact, the 15 classes fall naturally into five groups based on 
the time course of changes in their distribution. 

Detached crossbridges (classes 13, 14, and 15), presum- 
ably myosin-ATP or myosin-ADP-Pi, were most prominent 
in relaxed fibers and virtually absent in rigor as expected. 
The detached crossbridges increased at early times after ac- 
tivation from rigor and decreased slightly at later times. This 
result is consistent with the changes in the [1,1]/[1,0] ratio. 
However, we cannot use this result to estimate the correct 
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proportion of attached heads, because the remaining at- 
tached crossbridge images could contain myosin molecules 
with one head attached and the other detached, and also 
could contain heads that are located near the thin filament 
but not actually bound. EM and EPR studies suggested that 
crossbridges in the presence of nucleotide are single-headed 
(Fajer et al., 1988; Stein et al., 1990; Frado and Craig, 
1992; Berger and Thomas, 1993). 

In relaxed muscle three classes of attached crossbridges 
are present (6, 7, and 9). Since the stiffness of relaxed muscle 
is very low under our conditions (Brenner et al., 1982), these 
probably correspond to weakly attached forms. They are 
similar to each other in their time courses and probably are 
the differing structural manifestations of a single attached 
conformation of the motor domain. This triplet is absent in 
rigor, and increases rapidly after ATP release. The popula- 
tion has its peak at 50 ms (~40%), where we expect a sub- 
stantial fraction of crossbridges to be in an initial attachment 
step, and decreases to ,,020% at 300 ms. All three of these 
classes had crossbridge density with a relatively uniform 
width between thick and thin filaments. This is similar to 
some of the individual crossbridge images observed during 
steady contraction in previous work (Hirose and Wakabaya- 
shi, 1993) and also consistent with the changes seen upon 
addition of AMPPNP to insect muscle fibers in rigor (Reedy 
et al., 1988). 

The shift from rigor crossbridges (classes 1, 2, and 3) to 
these uniform crossbridges (classes 6, 7, and 9) is probably 
responsible for the increase of mass near the thick filaments 
after activation observed in the Fourier averaged images. We 
checked the possibility that this sort of uniform crossbridge 
could be composed of one rigor-like head and one detached 
head, since that combination might cause a crossbridge im- 
age with uniform width. Our model calculations (K. Hirose, 
manuscript in preparation) showed that the observed time 
courses can not be explained by such a combination of rigor 
and detached heads. At least one of the myosin heads in these 
classes must be attached by a conformation that is different 
from rigor. The general conclusion that we can draw from 
these model calculations is that three or more attached con- 
formations of the motor domain of the crossbridge are 
needed to satisfactorily account for the present observations. 

Structural Changes and Force Production 
If we accept the interpretation that classes 6, 7, and 9 are 
weakly attached, then some or all of the remaining attached 
non-rigor crossbridge forms must be responsible for actively 
generating force. For example, 5 and 10 are a set of classes 
that share similar shapes and time courses. Classes 4 and 11 
comprise another such group. The total percentage of these 
four classes is low in relaxed or rigor fibers, '~20% at 20 to 
50 ms, 30% at 80 ms, and 40% at 300 ms, which is roughly 
in parallel with tension development. Thus, at least some of 
these shapes (5, 10, 4, and 11) are likely to be a conformation 
of strongly attached, force-producing crossbridges. 

The percentage of these four classes is not, however, ex- 
actly proportional to the force. Likewise, no other subset of 
the 15 classes has a combined population that is a quantita- 
tive predictor of tension. Tension would not be proportional 
to a simple sum of the populations if more than one struc- 
tural class can generate force, and the amount of force per 
crossbridge is not the same for different classes. This 

differential force could be a real physiological characteristic 
of different structural classes, but it might also arise artifac- 
tually if we are unable to distinguish some of the cross- 
bridges that belong to different mechanical states but have 
similar shapes in 2-D projection. In this study we used the 
cross-sectional view because the alignment of the A-M pair 
images is relatively simple and unique. However, to produce 
net force for filament sliding, we expect some axial move- 
ment of crossbridges, which cannot be directly observed in 
the cross-sectional view. Of course it is difficult to imagine 
that crossbridges can change their appearance only in the 
cross-sectional view without also changing shape when 
viewed laterally: the shape changes we have observed in 
cross sections are probably closely related to the conforma- 
tional change of the three-dimensional crossbridges as a 
whole, which might be detected by correspondence analysis 
of longitudinal sections or 3-D reconstructions. 

Comparison of Our Results with X-ray 
Diffraction Studies 
X-ray experiments often measure the ratio of the [1,1] and 
[1,0] equatorial reflections as an indicator of mass associated 
with the thick and thin filaments. Qualitative agreement has 
previously been found between x-ray and EM measurements 
of the shift of material from thick to thin filaments when the 
muscle is switched from the relaxed to the rigor state (Hux- 
ley, 1968). Precise numerical agreement is not expected for 
the following reasons: (a) the x-ray data comes from a fiber 
or, more commonly, many fibers. Each fiber contains a mo- 
saic of myofibrils with random azimuthal orientations. The 
resultant x-ray scattering is an average of the scattering from 
all azimuthal orientations of the filament lattice. In contrast, 
our EM images are from sections less than one unit cell thick 
of a single myofibril. (b) The x-ray data is also an average 
over both halves of the sarcomere. These two forms of aver- 
aging destroy the difference between the reflections that are 
mirror related but not sixfold related ([1,2] vs. [2,1]; [1,3] vs. 
[3,1], etc.). (c) The x-ray data averages over the entire 
sarcomere-I  band, A band and H zone-where  the relative 
amounts of actin and myosin differ greatly. The x-ray equato- 
rial intensities therefore change with sarcomere length, so 
our cross sections give lattice reflections corresponding most 
closely to the x-ray data at full overlap. (d) Finally, the con- 
trast we observe in our images arises mostly from electron 
scattering from the nuclei of heavy metal ions adsorbed to 
the muscle proteins, a process that is only approximately 
proportional to the protein electron density giving rise to 
contrast in the x-ray diffraction experiments. These factors 
that limit direct comparison are not, however, expected to 
change much with activation of the muscle, so the changes 
in our lattice reflections should parallel changes in x-ray 
scattering, as indeed they do. 

A graph of the time course of change in the [1,1]/[1,0] x-ray 
intensity ratio following release of ATP in rabbit psoas by 
flash photolysis has also been reported (Poole et al., 1991). 
In that study the initial drop in the [1,1]/[1,0] ratio occurred 
very quickly (half time <5 ms), but it is not clear from the 
data shown whether there was any change in ratio between 
50 and 300 ms after ATP release. The overall change from 
rigor to active muscle was said to be rather small, but no nu- 
merical values were given (Poole et al., 1991). In other pub- 
lished steady-state x-ray measurements, on rabbit psoas 
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(Brenner and Yu, 1985), rat soleus (Honda et al., 1993), and 
frog sartorius (Haselgrove and Huxley, 1973), the [13]/[1,0] 
intensity ratio decreases approximately twofold between 
rigor and active muscle, as in our data. 

When we consider activation from the rigor state, the first 
change that occurs is movement of crossbridge mass away 
from the actin. Our Fourier averaged images show that the 
net effect is initially an azimuthal displacement into the re- 
gion between the thick and two of its neighboring thin illa- 
ments. Later, between 20 and 50 ms, the movement has more 
of a radial component and the density near the surface of the 
thick filament increases. This suggests that, although the 
[13]/[1,0] ratio at 20 ms is intermediate between the values 
in rigor and at 50 ms, the crossbridge shapes at 20 ms are 
not simply a mixture of rigor and 50 ms shapes. There must 
be either detached crossbridges that have moved azimuthally 
and have not come back to the myosin filament region, or 
attached crossbridges that have a different shape than in 
rigor. Alternatively, one head of each crossbridge could be 
still attached as in rigor, affecting the conformation of the 
second head. There is little net change between 50 and 80 
ms, but from 80 to 300 ms the net movement is back towards 
the thin filament, suggesting some additional conformational 
change from the initial attachment step to the force produc- 
ing state. 

The phases of the lattice reflections are not available 
directly from x-ray measurements, but several groups have 
assigned plausible phases on the basis of model calculations. 
For the first five reflections seen by x-ray ( [1,0], [1,1], [2,0], 
[2,1], [3,0]), most authors (Haselgrove et al., 1976; Yu et al., 
1985; Irving and Millman, 1989; Yu and Brenner, 1989; 
Harford and Squire, 1992) have chosen the values 0, 0, ~-, 
7r, 0, in agreement with our measurements (Table IV). Yu 
and Brenner (Yu et al., 1985; Yu and Brenner, 1989) thought 
0, 0, a', 0, 0, might be a better choice for relaxed rabbit 
muscle. 

The phases of all reflections out to the [1,3] have also been 
directly determined from the Fourier transform of images of 
cryo-sections of rabbit psoas muscle, relaxed and in rigor 
(Trus et al., 1989). Their phases for the first five reflections 
were 0, 0, (70, a-, Or) for relaxed, and 0, 0, ~-, r ,  (0) for rigor 
fibers (parentheses indicate uncertain phases). Our corre- 
sponding phases are 0, 0, lr, ~r, 0 for relaxed and active mus- 
cles and 0, 0, 7r, 7r, (0) for rigor. Thus our phases agree well 
with the phases from frozen sections. Their amplitudes for 
both rigor and relaxed muscles agree quite well with our data 
in rigor. The relaxed cryo-sectioned muscle was, however, 
prepared in lower ionic strength than ours and very much 
more similar to rigor muscle than expected from x-ray mea- 
surements or from our EM data. 

Comparison of Our Results with Previous EM and 
Spectroscopic Studies 
Much previous work with spectroscopic probes (Fajer et al., 
1990; Tanner et al., 1992; Allen et al., 1993; Ostap et al., 
1993), EM studies on muscle proteins in vitro (Applegate 
and Flicker, 1987; Frado and Craig, 1992; Funatsu et al., 
1993; Walker et al., 1994) or in muscle fibers during steady 
contraction (Hirose and Wakabayashi, 1993), and our own 
earlier EM study of longitudinal sections of flash activated 
muscle fibers (Hirose et al., 1993), have suggested that the 
homogenous population of crossbridges present in rigor is 

rapidly replaced by a less well-ordered population when 
ATP becomes available. In the present study we find that 
90% of the crossbridges in rigor are accounted for by just 
four different shapes, and three of these account for 80 % of 
the total. By 20 ms, 10 different shapes are needed to repre- 
sent 90% of the crossbridges. This rapid diversification 
agrees with the early onset of disorder seen following ATP 
release in most previous work, but one study reported an or- 
dered arrangement of S-1 binding to actin that changed little 
in the presence of ATP (Pollard et al., 1993). 

We recognized three shapes of crossbridges in rigor (1-3) 
which are most likely attached by the same "rigor conforma- 
tion" of the motor domain, but differ by the location of the 
origin of the crossbridge on the thick filament and the azimu- 
thal orientation of the bound actin molecule within the thin 
filament helix. All of the major classes present in rigor 
(1, 2, 3, and 8) had crossbridge density that is wide and 
strong near the thin filament and narrower near the thick fila- 
ment. This concentration of mass near the thin filament is 
consistent with the previous observations in both longitudi- 
nal and cross sections of rabbit (Hirose et al., 1993; Hirose 
and Wakabayashi, 1993) and insect (Taylor et al., 1984, 
1986) muscle, and in deep-etch images of fish, crayfish, and 
insect muscle (Heuser, 1983; Varriano-Marston et al., 1984; 
Bard et al., 1987), which showed triangular shapes with 
their base at the actin filament for the rigor crossbridges. 

After activation the percentage of the rigor-like cross- 
bridges (1, 2, and 3) decreased from 80% to almost none, 
but recovered to •20% at later times. Measurements of ATP 
release and utilization under conditions similar to ours 
(Ferenczi et al., 1984) rule out ATP depletion as a cause for 
reappearance of these rigor-like bridges. This is consistent 
with EPR results suggesting that 20% of the heads during 
steady contraction are highly ordered and oriented as in rigor 
(Fajer et al., 1990). 

The shape of the S-1 portion of the myosin head in its rigor 
conformation has been determined both by EM (Milligan 
and Flicker, 1987; Rayment et al., 1993a) and by x-ray 
diffraction from crystals (Rayment et al., 1993b). Fig. 7 is 
a comparison of the known profile in 2-D projection of rigor 
S-1 (Milligan and Flicker, 1987) with our data from rigor 
muscle. We expect our data to match the in vitro structure 
over the region near the actin filament, but differ somewhat 
more distally. In our muscle fibers, the two heads must be 
joined together into a common stem leading to the thick fila- 
ment, whereas the terminal portions of the S-1 in vitro are 
not constrained. For the S-1 portion of the crossbridge near 
the actin filament, there is good agreement between our data 
and the published structures. We conclude that our classes 
give a reasonably accurate picture of the structure of the 
crossbridge viewed in 2-D axial projection. 

Conclusion 
We have observed in 2-D axial projection the structure of the 
crossbridges in relaxed muscle, in rigor, and after activation 
from rigor by flash photolysis of caged ATP. The distribution 
of crossbridge shapes changes dramatically between relaxed, 
rigor, and with time after ATP release. In relaxed muscle, 
most crossbridges are detached. In rigor, all are attached 
with a small set of characteristic shapes that matches the 
known structure of the myosin head region when attached to 
actin from different sites of origin on the thick filament. Im- 
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mediately after ATP release, before significant force has de- 
veloped (20 ms) the homogeneous rigor population is 
replaced by a much more diverse collection of crossbridge 
shapes. Over the next few hundred milliseconds, the propor- 
tion of attached crossbridges changes little, but the distribu- 
tion of the crossbridges among different structural classes 
continues to evolve. Some forms of attached crossbridge 
(presumably weakly attached) increase at early times when 
tension is low. The proportion of other attached non-rigor 
crossbridge shapes increases in parallel with the develop- 
ment of active tension. The results lend strong support to 
models of muscle contraction that have attributed force 
generation to structural changes in attached crossbridges. 
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