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1. ABSTRACT 
 

The origin of reflections in the x-ray diffraction 
pattern from striated muscle and their use for understanding 
the structural organization of the contractile machinery are 
presented and discussed. Results of x-ray diffraction 
experiments obtained by a number of research groups using 
a variety of protocols revealed structural changes in 
contracting muscles which are interpreted in terms of 
molecular movements that underlie force generation. Some 
of these data are in line with the widely accepted ‘lever 
arm’ hypothesis which links force generation to a tilt of the 
light chain domain of the myosin head with respect to its 
motor domain. However, changes in the layer line 
intensities observed in response to various perturbations 
cannot be explained by tilting of the lever arm. Such 
changes, first revealed in response to temperature jumps, 
are interpreted as a transition of non-stereo-specifically 
attached myosin heads to a stereo-specifically bound state. 
The new ‘roll and lock’ model considers force-generation 
as a two-stage process: initial stereo-specific locking of 
myosin heads on actin is followed by the lever arm tilt. 

 
 
 
 
 
 
 
 
 
2. INTRODUCTION 

 
X-ray diffraction has provided the earliest 

information about the molecular structure of the contractile 
machinery in live muscle (1). The main advantage of this 
method is that it uniquely gives the possibility to obtain 3D 
structural information about contractile proteins in muscle 
or single muscle fibers whilst simultaneously monitoring 
their mechanical function. This structural information 
cannot be obtained from proteins in solution. The 
development of a new generation of synchrotron 
radiation sources and fast 2D x-ray detectors provides 
exciting possibility for studying structural changes in 
the actin-myosin motors in muscle with unique temporal 
(2) and spatial (3) resolution. Force in contracting 
muscle is produced by crossbridges, the globular heads 
of myosin molecules, which protrude from the thick 
filaments and cyclically interact with actin of the thin 
filaments. The interaction leads to a sliding of the two sets 
of filaments along each other i.e. to a shortening of 
sarcomere and/or to a force generation. The crossbridges 
are believed to act independently and asynchronously.
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Figure 1. X-ray diffraction patterns collected from a single rabbit muscle fiber in rigor (A) and during active contraction at 
~30 °C (B). Only one double-mirrored symmetric quadrant (0.155 nm-1×0.155 nm-1 in reciprocal space) is shown for each 
pattern, the equator is vertical. Data collected from two ~3.5 mm long segments of a single muscle fiber; 400 ms exposure in each 
state; camera length 4.2 m; pseudo-color code and logarithm scaling intensity were used to visualize strong and weak x-ray 
reflections simultaneously. The equatorial, meridional and layer line reflections of interest are labeled. An attenuator strip was 
placed along the equator in front of a CCD detector to avoid its saturation; experimental methods were described earlier (9). 

 
Synchronization of structural changes in a large 

population of myosin molecules in a muscle specimen can 
be achieved by fast perturbations of muscle length (4, 5), 
load (6), temperature (7, 8, 9), concentrations of ATP (10-
15) or Ca2+ (16). These experimental approaches together 
with x-ray interferometry (3) and addition of exogenous 
proteins into muscle fibers (17-20) which had their cell 
membrane treated to make them permeable revealed new 
structural features of the actin-myosin molecular motor and 
of its regulation. The quantitative interpretation of x-ray 
diffraction data requires adequate mathematical modeling, 
based on the available high resolution structures of actin 
and of the myosin head as well as a priori information 
about the 3D organization of the thin and thick filaments in 
the sarcomere. 

 
Several reviews of x-ray diffraction studies of 

muscle have been published recently (21-23) which mainly 
focused on changes in the intensity and fine structure of the 
myosin meridional reflections, principally the brightest one 
called M3. Here we discuss changes in all measurable 
reflections in the diffraction pattern, including layer lines, 
which are observed in the different experiments with 
vertebrate skeletal muscles. We believe that monitoring of 
changes in the entire diffraction pattern currently 
accessible, including those in the weak layer lines, is 
essential to give a comprehensive picture of structural 
events underlying the mechanism of the actin-myosin 
motor in muscle. Measurements of one or a few bright 
reflections do not provide sufficient information to derive 
complete understanding of molecular events underlying 

muscle contraction. Different factors affecting the 
intensities of the x-ray reflections are analyzed and 
discussed. Special attention is given to correlating of 
structural and mechanical changes as measured in time-
resolved x-ray diffraction experiments. 
 
3. X-RAY DIFFRACTION PATTERN FROM 
MUSCLE 

 
Myofibrils in striated muscle form a well ordered 

system that consists of thin and thick filaments, which, 
when exposed to an x-ray beam, produces a whole set of 
equatorial, meridional and layer line reflections. Since the 
pioneering work of H.E. Huxley (1, 24, 25) these 
reflections provide information about muscle structure in 
different physiological and biochemical states which lead 
to understanding of the molecular movements which drive 
muscle contraction. The two-dimensional x-ray diffraction 
patterns from skeletal muscles in different states were 
described in detail and interpreted by Huxley and Brown (26). 

 
The x-ray diffraction patterns from a single rabbit 

muscle fiber with a chemically permeabilized cell 
membrane in rigor (i.e. in the absence of ATP) and during 
isometric contraction at ~30 °C obtained on beamline ID02 
at ESRF (Grenoble, France) are shown in Figure 1. The 
brightest reflections are seen in the equator, perpendicular 
to the filament axis. Reflections seen on the meridian, 
parallel to the fiber axis, are weaker. The layer line 
reflections parallel to the equator are generally even less 
intense than meridional ones. 
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Figure 2. A diagram of the filament lattice in a sarcomere. Top: thin and thick filaments; Z-line, M-line, I-band and A-band are 
marked, actin monomers (gray), tropomyosin (green) and troponin (red), backbone of a myosin filament (yellow) and several 
myosin heads (cyan) are shown. The pitch or the cross-over repeat of the actin helix (36 nm) is different from the troponin axial 
repeat (38.5 nm) Inset: hexagonal filament lattice in the A-band of sarcomeres; the thick (green) and thin (blue) filaments, the 
(1,0) and (1,1) planes, and the deviations, ∆AR and ∆MR, of the actin and myosin filaments from ideal lattice positions for the 
disorder of the 1st and 2nd kind are shown. Bottom: equatorial profiles of x-ray diffraction intensity from a single permeabilized 
fiber from bony fish fin muscle in relaxed (green), rigor (black) states and during active contraction at ~5 °C (red) collected on 
ID02 at ESRF. The fiber was cross-linked with EDC as described (29); the x-ray exposure was 100 ms in each state, x-ray 
wavelength was 0.1 nm and the camera length was 2.5 m. A decrease in the intensities at spacing below ~0.064 nm-1 is caused by 
an attenuator strip placed in front of a CCD detector to shield it from the bright low angle 1,0 and 1,1 reflections and to avoid its 
saturation. The positions of several equatorial reflections are shown. 

 
3.1. Equatorial reflections 

In the myofilament overlap zone of the 
sarcomeres the thin and thick filaments form a hexagonal 
lattice where myosin filaments are in the lattice points and 
the thin filaments are in the trigonal points (Figure 2; ref. 
27). This lattice produces a characteristic set of equatorial 
reflections. As the orientation of the filament lattice with 
respect to the incident x-ray beam is random, the diffraction 
pattern of a muscle or a single muscle fiber is the azimuthal 
average of the square of the Fourier transform of the 
electron density. Any equatorial reflection arises only from 
those parts of the sarcomere where the angle between the 
unit cell of the filament lattice and the beam is equal to the 
Bragg angle for this particular reflection. Formulas for the 
intensities and the spacing of different equatorial 
reflections can be found in ref. 28. Equatorial profiles of 
diffraction intensity collected from a fiber from fish fin 
muscle are plotted in Figure 2. 
 

The two brightest equatorial reflections are 
termed the 1,0,0 and 1,1,0 (or simply 1,0 and 1,1) which 
correspond to diffraction from the two sets of planes shown 
in inset in Figure 2. The spacing of these reflections can be 

represented as √3d/2 and d/2, respectively, where d is the 
distance between neighboring thick filaments. The 
intensities, I1,1, I1,0, of these reflections change dramatically 
when relaxed muscle goes into rigor, a state in the absence 
of ATP where all myosin heads in the overlap zone bind 
actin (ref. 30; Figure 2). In rigor the intensity of the 1,1 
reflection increases while that of 1,0 decreases compared to 
relaxed muscle. This derives directly from the movement of 
myosin heads that leave the vicinity of the backbone of the 
thick filaments to bind actin (30). During active contraction 
the ratio of the intensities of the 1,1 and 1,0 reflections is 
intermediate between those in the relaxed and rigor states 
(ref 31; Figure 2). 

 
It has been suggested that the intensity ratio, 

I1,1/I1,0, provides an estimate of the fraction of myosin 
heads bound to actin during muscle contraction (31, 32). 
Evaluation of the fraction of actin-bound myosin heads 
based on this ratio is still used (33). However the equatorial 
intensities depend not only on the number of myosin heads 
bound to actin, but also on several other parameters. Firstly, 
these intensities depend on the degree of disorder of the 
filament lattice. In relaxed muscle the actin filaments 
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probably are not constrained to the trigonal lattice points by 
specific interactions with other sarcomere proteins but are 
'boxed' into their positions by the three neighboring thick 
filaments. In rigor and during active contraction bound 
myosin heads from three surrounding myosin filaments are 
expected to hold a thin filament more strongly at the 
trigonal point. Therefore in the A-band of sarcomeres the 
disorder of the thin filaments is expected to be of the 1st 
kind, that is characterized by random uncorrelated 
deviations from ideal lattice points. For this kind of 
disorder the intensity of a reflection is proportional to the 
‘thermal’ factor exp(−4π2∆AR

2R2) where ∆AR and R are the 
root mean squared deviation of an actin filament from the 
trigonal lattice point (see inset in Figure 2) and the spacing 
of the reflection in reciprocal space, respectively (34). The 
intensity distribution within a reflection in this case does 
not depend on ∆AR and the whole reflection scales with the 
‘thermal’ factor. Model calculations show that the only way 
to explain quantitatively the ratio of the 1,1 and 1,0 
intensities in relaxed muscle is to assume a significant (up 
to 3 nm) value of ∆AR (28), especially in the case of frog or 
fish muscles where the 1,1 intensity is particularly small 
(Figure 2). Otherwise the calculated I1,1 is much higher than 
observed. This conclusion agrees well with electron 
microscopy data showing significant uncorrelated disorder 
of the thin filament on the transversal sections of quickly 
frozen relaxed rabbit muscle fibers especially at high 
temperature (35). 

 
The thick filaments are held in the lattice points 

by M-line and possibly some other proteins which keep 
them together in the middle of the A-band and probably 
restrict their relative displacement in both axial and 
transverse directions (springs in in Figure 2). Such elastic 
neighbor-to-neighbor connections suggest that disorder of 
the thick filaments should be of the 2nd kind. For this kind 
of disorder a decrease in the intensity of the high order 
reflections is accompanied by an increase in their width 
(34). Indeed the width of the 1,1 reflection is somewhat 
higher than that of the 1,0 reflection and the higher order 
reflections are even wider (Figure 2). This observation 
demonstrates that filament disorder of the 2nd kind does 
indeed occur in muscle together with disorder of the 1st 
kind. This is difficult to measure the amount of disorder of 
each kind from experimental data. For this reason an 
estimate of the fraction of myosin heads attached to actin 
from observed equatorial intensities is also difficult. 
However several attempts were made to build the plain 
projection of the electron density of the filament lattice in 
different physiological states using Fourier synthesis of the 
equatorial reflections (36-38). The validity of the results 
depends not only on correct estimates for the filament 
disorder discussed above, but also on the correct attribution 
of phases to the equatorial reflection. 

 
The arrangement of detached myosin heads 

around the thick filaments also has a strong influence on 
the equatorial intensities. It was found that in relaxed 
mammalian muscles an increase in temperature from ~5 °C 
to >20 °C induces a disorder-to-order transition that is 
accompanied by helical packing of initially disordered 
heads onto the backbone of the thick filaments (39). This 

transition is also accompanied by a decrease in the ratio of 
the 1,1 and 1,0 intensities (39, 40) and by an increased 
disorder of the thin filaments in the hexagonal filament 
lattice observed by electron microscopy (35). 

 
It was also shown that the equatorial intensities 

are strongly affected by a small change in the lattice 
spacing so that even a small shrinkage or expansion of the 
lattice during a transition of muscle from one physiological 
state to another may be responsible for a large change in 
equatorial intensities (28). Depending on ionic strength, a 
significant, up to 10%, lattice shrinkage takes place when a 
permeabilized muscle fiber undergoes a transition from 
relaxed to rigor state (Figure 2). A slightly less pronounced 
further shrinkage occurs when fiber develops active force 
in the presence of ATP and Ca2+ (Figure 2). This is 
probably caused by the radial component of force produced 
by myosin heads when they bind to actin (41). Tetanic 
stimulation of intact muscle fibers under feed-back control of 
sarcomere length induced a ~2% lattice shrinkage, i.e. much 
smaller than induces by Ca2+ activation of permeabilized 
muscle fibers (42). In cardiac muscle, changes in the lattice 
spacing due to changes in sarcomere length and degree of 
activation are now discussed as a possible mechanism to 
explain ‘Starling’s law’ of the heart (43, 44). 

 
In the non-overlap zone of sarcomeres, i.e. in the 

I-band, the thin filaments do not follow hexagonal 
symmetry but rather tend to form a square lattice, 
characteristic of their incorporation into the Z-line (27). 
This square lattice produces an equatorial ‘Z-reflection’ in 
the diffraction pattern of muscle with a spacing in between 
the 1,0 and 1,1 reflections (Figure 2).  

 
3.2. Meridional reflections 

Meridional reflections on the diffraction pattern 
are due to periodic repeats of structural elements along the 
fiber axis. Meridional profiles of the x-ray diffraction 
intensity in the region of axial spacing from 0.012 to 
0.42 nm-1 collected from bundles of three rabbit muscle 
fibers are shown in Figure 3. 
 
3.2.1. Thin filament reflections 

Meridional reflections which originate from the 
actin repeat with a spacing multiple of (~2.73 nm)-1 
correspond to the axial distance between neighboring actin 
monomers in the actin filament (Figure 2). We will call the 
first of these reflections A13 assuming that the actin helix 
has exactly 13 monomers per 6 turns, i.e. it is a 13/6 helix. 
Binding of myosin heads to actin in rigor (Figure 3B) or 
during active contraction (45-47) leads to a significant 
increase in the A13 intensity due to labeling of actin 
monomers by bound myosin heads which have a much 
higher diffracting power. 

 
Small changes in the ~2.73 nm spacing of the 

A13 reflection were used for measuring axial extension of 
the thin filament due to applied load, Ca-activation or 
binding of rigor myosin heads in the absence of tension. 
Early experiments (45, 46) resulted in an estimate of the 
compliance of actin filaments of 0.2-0.3%/T0,where T0 is 
isometric tension. 
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Figure 3. Meridional intensity profiles from bundles of three rabbit muscle fibers in relaxed (green) and low-tension rigor (black) 
states and during isometric contraction at ~30 °C (red). Data collected on ID02 at ESRF with camera of lengths of 10 m (A) and 
2.5 m (B); the positions of some reflections are shown; other experimental details were described previously (9, 49). 

 
Later it was found that activation itself induces a 

shortening of the actin filaments so that higher, up to 
0.6%/T0 estimates for elastic extension of the actin 
filaments were made (47, 48). More recently it was shown 
that the tight binding of myosin heads to actin itself induces 
up to a 0.2% elongation of the actin filaments in the 
absence of tension (49). In consequence, the low values for 
actin compliance obtained in mechanical experiments (50) 
are now compatible with the x-ray data. 

 
Apart from the actin-based meridional 

reflections, the thin filaments produce a set of meridional 
reflections arising from regulatory protein troponin, with a 
spacing multiple of ~38.5 nm, 7-fold larger than that of the 
A13 actin reflection. Troponin is probably bound to every 
seventh actin monomer in a pseudo-two-strand actin helix 
(Figure 2) or, more precisely, to every 14th monomer in the 
actin helix (38.5 nm = 14×2.75 nm). Troponin-based 
reflections in the 2D diffraction patterns shown in Figure 1 
and in the one-dimensional intensity profiles in Figure 3A 
are labeled Tn1, Tn2, and Tn3. The intensities of these 
reflections do not change much upon binding of rigor 
myosin heads to actin or during isometric contraction 
induced by Ca2+-activation of troponin-C (Figure 3A). 

 
3.2.2. Thick filament reflections 

All other visible meridional reflections originate 
from the thick filaments. The most prominent are those 
with a spacing multiple to the ~43 nm pitch of the myosin 
helix when a muscle is in the relaxed state. They are called 
M1, M2 etc and have a spacing of 43 nm (M1), 
21.5 nm = 43 nm/2 (M2), 14.33 = 43 nm/3 (M3) etc (Figure 
3). In the case of a perfect three-strand helix where each of 
three crowns of three myosin molecules (and six heads 
respectively) per a pitch is rotated by 40° and shifted 
axially by ~14.33 nm with respect to its neighboring 
crowns (27) the meridional reflections observed should be 
only those with the indices multiple of 3: M3, M6, M9, etc. 
However there are other myosin meridional reflections, 
M1, M2, M4, M5 etc. called ‘forbidden’ which are caused 
by deviations from the perfect three-fold symmetry. The 
‘forbidden’ reflections are very bright in relaxed muscles, 
slightly less intense in rigor and much weaker during 
contraction (Figure 3). The deviation from three-fold 

symmetry was attributed to the effect of C-protein on the 
structure of the thick filament (51, 52). C-protein (MyBP-
C) is a myosin-binding protein that is usually seen as seven 
to nine stripes in each half of the A-band with a periodicity 
exactly or closely matching that of M1 (27). 

 
The spacing of the myosin meridional reflection 

increases slightly when relaxed muscle goes into rigor 
(Figure 3A, B) and elongates further during isometric 
contraction at full activation (Figure 3A). The spacing of 
the brightest myosin reflection, M3, is 14.34 nm in relaxed 
frog muscle, 14.42 nm in rigor (26) and 14.56 nm during 
isometric contraction (53). Similar, up to ~1.5%, spacing 
changes upon development of isometric tetanus at full 
overlap were found in M6 and higher order myosin 
reflections (45, 46, 53-55). Such large extension of myosin 
filaments is probably caused not by their elasticity, but 
rather results from some structural changes in their 
backbones. The physical nature of these changes is 
unknown. The dependence of these changes on sarcomere 
length is rather complicated. When relaxed frog muscle 
was stretched from full-overlap to a non-overlap sarcomere 
length, the spacing of the high order myosin meridional 
reflections, M6, M9 and M15, increased by 0.4-0.8% (46). 
Electrical stimulation at non-overlap did not induce further 
changes in the spacing of these reflections, although at half-
overlap ~1% elongation close to that at full overlap was 
observed (46). When muscles or single fibers contracting at 
full overlap were allowed to shorten under very low load, 
the spacing of the M3 (and M6) meridional reflection 
partially returned to its relaxed value (to 14.4-14.45 nm for 
the M3 reflection; 55, 56). 

 
In contracting muscle the M3 intensity, IM3, is 

believed to come from myosin heads, both attached and 
detached (5). A nearly linear decrease in IM3 with the 
decrease in length of the overlap zone between the thin and 
thick filaments at higher sarcomere length suggests that 
attached heads make a major contribution to the M3 
intensity (58). Many authors believe that the M6 and higher 
order myosin meridional reflections originate mainly from 
structures on the myosin backbone so that the spacing 
changes of this reflection give a direct measurement of the 
myosin filament compliance (5, 6, 57). Others argue that all 
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Figure 4. Radial intensity profiles of the M3 (A) and M6 (B) meridional reflection. Data from a single fiber from bony fish fin 
muscle in relaxed (green) and rigor (black) states and during active contraction at 5 °C (red). A: un-mirrored M3 profiles from 
one side of the patterns; B: M6 profiles after horizontal and vertical mirroring. Strong sampling of the 1,0 and 1,1 row lines is 
seen in the relaxed and rigor profiles of M3. Same data set as in Figure 2B. The off-meridional peaks on the M6 layer line in 
rigor are due to the contribution of the neighboring actin layer line A5 that has spacing close but not exactly equal to that of M6. 

 
myosin meridional reflections in contracting muscle mainly 
originate from the heads (59, 60). An increase in the M6 
intensity by up to 60% after step releases and its decrease 
by up to 25% after step stretches (57, 61) or during 
shortening at maximal velocity (56) show that a substantial 
part of the M6 intensity comes from attached myosin heads 
although another structure, probably the myosin backbone 
also contributes. 

 
True elastic extensibility of the thick filaments 

was estimated by applying step length changes to 
contracting muscles or single fibers. Immediately at the end 
of 0.1 ms long step, the spacing of the M3 reflections in 
single intact muscle fibers increased by 0.14% per T0 (3). 
By the end of the fast partial tension recovery following a 
length step, the increase in the M3 spacing was much 
larger, 0.34%/T0 (3). A similar figure of 0.33-0.36%/T0 was 
found for the delayed change in the M3 spacing in 
experiments with whole frog muscles (57). 

 
A figure of 0.26%/T0 for compliance of the 

myosin filaments was obtained from measurements of the 
spacing of the M6 meridional reflection in experiments 
with step changes in load (6, 57). It should be noted that 
changes in the spacing of myosin meridional reflections 
may originate from two different sources: (i) changes in the 
~14.5 nm axial period of crown of myosin molecules along 
a thick filaments, and (ii) changes in length of the actin 
filaments. Actin elongation or shortening may affect the 
spacing of a myosin reflection if its intensity partially 
comes from the myosin heads attached to actin. The 
interpretation of the changes in the spacing of a myosin 
meridional reflection in terms of extensibility of the myosin 
filaments becomes even more difficult if attached myosin 
heads undergo some conformational changes after the 
length or load step. Estimates of the myosin filament 
compliance derived from the changes in spacing of M6 and 
higher order myosin reflections are probably more correct 

than those based on M3 although a contribution from 
bound myosin heads and therefore sensitivity to actin 
compliance cannot be eliminated. 

 
During the onset of isometric tetani in intact frog 

muscle (5, 62) or single muscle fibers (55, 56) IM3 
decreases and then increases again. This change in the 
intensity of the M3 meridional reflection is accompanied by 
an increase in its lateral spread (62, Figure 4). Huxley and 
co-authors have pointed that this spread, now it is more 
often called the radial width of the reflections, depends on 
the accuracy with which the lateral alignment of the thick 
filaments is maintained (62). In relaxed frog muscle the 
width of the M3 meridional reflection corresponds to a 
lateral size of coherently diffracting structure of 400 nm 
that is close to the radius of a myofibril (26). During 
contraction the width of the M3 meridional reflection 
increases nearly twice probably because active force 
induces axial disorder of neighbor thick filaments, i.e. 
decreases the size of the coherent unit (62; Figure 4A). To 
correct the observed integral intensity of a reflection for the 
effect of filament disorder it was suggested to multiply its 
measured value by the width at half maximum (62). After 
that, the corrected intensity increases significantly during 
the onset of isometric tetanus (62, 56). It was suggested that 
the axial disorder of the myosin filaments is ‘disorder of the 
2nd kind’ so that the effect of axial registration/disorder of 
the thick filaments on the radial intensity distribution of a 
myosin meridional reflection can be expressed explicitly 
(63). 

 
Since axial disorder of the myosin filaments leads 

to a decrease in the intensities of the meridional reflections, 
especially of M3 (and also of M6, Figure 4A, B), careful 
measurement of their width is necessary for correcting for 
the disorder. For example an increase in the temperature of 
contracting intact frog muscle fibers from 2 °C to 17 °C 
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leads to only a ~11% increase in the observed IM3 while 
after correction for the width, the intensity increases by 
~30% (64). Similar figures for temperature-induced 
increases in IM3 were found in contracting permeabilized fibers 
from the frog where filament disorder was partially prevented 
by slight cross-linking with EDC (8). A more pronounced, 
~60% increase in IM3 was observed in rabbit muscle fibers 
upon T-jumps from 5 °C to 30 °C (9). Temperature 
dependence of isometric tension is also steeper in rabbit 
muscle fibers than in the frog although the number of myosin 
heads attached to actin, as estimated from stiffness 
measurements, is temperature independent for both species (8, 
65, 66). Speaking more general there is a strong correlation 
between the M3 intensity during isometric contraction and the 
level of average force produced by a crossbridge. 
 

The width of meridional reflections in rigor 
depends crucially on the procedure by which muscle was 
put into rigor. If special precautions are taken to avoid 
development of high rigor force and to prevent filament 
disorder (29), the resting and rigor profiles of the M3 
reflection have nearly the same width and are similarly 
sampled by the 1,0 and 1,1 row lines (Figure 4). 

 
Change in the M3 intensity in contracting muscle 

in response to mechanical perturbations is often interpreted 
in terms of tilt of myosin heads (5, 67) or their light chain 
domains (2, 68-70). Such interpretation is correct only 
under conditions when no change in the population of 
myosin heads bound to actin takes place, i.e. no crossbridge 
detachment or attachment occurs. Otherwise changes in the 
number of attached myosin heads or in the dispersion of 
their positions from the 14.5 nm repeat strongly affect IM3 
(63, 78). All four factors: the number of myosin heads 
bound to actin, their shape, the standard deviation of their 
axial positions from the 14.5 nm repeat, and axial 
misalignment of the neighboring myosin filaments are 
important determinants of the intensity of the M3 (and 
possibly other) myosin meridional reflections. 
 

The fine axial structure of myosin meridional 
reflections is seen as bunches of closely positioned peaks 
within a reflection (see M3 in Figure 3A) and was observed 
in early experiments on whole muscle of the frog by H.E. 
Huxley and Brown (26). 

 
The splitting of the meridional reflections is 

caused by interference between the x-rays diffracted by 
each of the two symmetrical halves of a sarcomere (71-74). 
Later Malinchik and Lednev (75) recorded high-resolution 
diffraction patterns from relaxed frog muscle and suggested 
a model that reproduced the main features of the pattern 
including the fine structure of meridional reflections and 
the myosin layer lines up to M6. Their model included C-
protein stripes, a ‘perturbed’ region, i.e. deviation of axial 
positions of the crowns of myosin heads in the C-zone from 
their exact 14.3 nm periodicity, and a 3D model of a 
myosin head. This approach became the basis for further 
models of myosin-based x-ray reflections. 

 
The development of new highly collimated and 

high flux x-ray sources made it possible to study the 

interference phenomenon in contracting muscle. X-ray 
diffraction patterns from single intact muscle fiber 
contracting at three different sarcomere lengths showed that 
the interference distance for the M3 reflection is exactly the 
center-to-center distance between the symmetrical arrays of 
attached myosin heads in two halves of a thick filament in a 
sarcomere (58). On the basis of these results the 
interferometry was suggested as a new tool for measuring 
sub-nanometer axial displacements of attached myosin 
heads during muscle contraction (3) and in rigor (76). The 
idea of the method is that any axial displacement of the 
crossbridges results in a change in the interference distance 
between the arrays and, respectively, in a change in the 
spatial frequency of the interference modulation (Figure 5). 
 

Experimentally the change in frequency is seen as 
a shift in the positions and in the ratio of the intensities of 
the two main peaks of a reflection sampled by the 
interference function. A sub-nanometer displacement can 
be resolved by this method if the intensities of the peaks are 
measured with sufficiently high precision (Figure 5). 
 

The fine structure of myosin meridional 
reflections up to M15 in isometrically contracting whole 
muscle was resolved by Juanhuix et al. (59). The authors 
estimated the contribution of C-protein and tropomyosin to 
the myosin meridional reflections and concluded that their 
impact at the plateau of an isometric tetanus is negligible, 
so that all myosin meridional reflections mainly originate 
from myosin heads. Their intensities were used for finding 
the configurations of myosin heads during active 
contraction. The analysis was based on a model accounting 
for the shape of the myosin heads from which their axial 
disposition can be determined. The authors found that the 
apparent interference distance (L in Figure 5 and legend) 
decreases with the order of the reflection. To fit this 
observation their model included a slight variation in the 
crown-to-crown distances. Using the model, a one-
dimensional electron density map of a head crown was 
suggested. 

 
A recent model (60) explains the interference 

splitting of all myosin meridional reflections up to M15 and 
the presence of the ‘forbidden’ reflections using defined 
assumptions about the size and properties of the ‘perturbed’ 
and ‘not perturbed’ regions on a myosin filament. The 
authors assumed that the size of the perturbed zone is 
different from the length of the C-zone and that it changes 
when muscle develops active tension. However these 
additional assumptions do not have so far any independent 
experimental support. 

 
3.3. Layer lines 
3.3.1. Myosin layer lines 

Myosin layer lines have spacing multiple of 
~1/43 nm-1 and originate from the myosin filaments. In 
relaxed skeletal muscles of the cold-blooded animals the 
intensities of all myosin layer lines are very high (26). In 
this state the heads of myosin molecules are packed in the 
vicinity of the backbone of the thick filaments at an average 
distance from the centre of the filament of <15 nm (26, 75, 
77). In muscles of warm-blooded animals the myosin layer 
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Figure 5. Scheme of x-ray diffraction interference of two symmetrical halves of a sarcomere. A: one-dimensional model of 
crossbridges in a sarcomere (M-line is the middle). N = 49 crowns of crossbridges (one attached myosin head or a pair of heads, 
where at least one head is attached to actin) separated by a distance d of ~14.5 nm are drawn as orange circles. L is the distance 
between the centers of the arrays or the interference distance. The intensity I at the spacing Z along the meridian can be 
calculated as the squared Fourier transform of the electron density of the two symmetrical arrays of myosin heads, 

( ) ( ) ( )dZsin/NdZsinLZcos)Z(F)Z(I ππφ+π= 2222

, where F, φ are the Fourier transform of the electron density of the ‘average’ 
crossbridge in a crown and its phase (F = 1, φ = 0 in the case of the point diffractor model where the shape of crossbridges is not 
taken into account). Green circles correspond to crossbridges displaced by 0.5 nm towards the Z-line in each half of the 
sarcomere. B: x-ray intensity distribution (continuous orange and green lines, corresponding to two positions of crossbridges) 
calculated as the product of the diffracted intensity from an array of 49 point diffractors with d = 14.57 nm (black) and the 
interference function cos2(πLZ), with L = 866.56 nm (orange dashed) and L = 867.56 nm (green dashed). The ratio of the peak 
intensities changes from 0.91 (orange) to 1.18 (green). 

 
lines at low temperature (≤5 °C) are significantly less 
intense due to a disorder of the myosin heads. These 
intensities increase to a level characteristic for the cold-
blooded animals upon increase in temperature to ≥20 °C 
(39, 79-81). The temperature-induced disorder-to-order 
transition of the thick filaments is associated with ATP 
hydrolysis (39, 81) or more precisely with a transition of 
myosin heads with bound ATP or ADP and Pi from ‘open’ 
to ‘close’ conformation (82). It appears that the heads in the 
closed state tend to bind their neighbors and the backbone 
of the thick filament to form a regular ordered structure 
while those in the open state are more disordered. An 
increase in temperature, the use of nucleotide-triphosphates 
other than ATP or of ATP analogs shifts the equilibrium 
between these two states (82, 83). Treatment of fibers with 
N-ethylmaleimide, that fixes S1 in the open state, leads to a 
reduction in the intensities of all myosin layer lines (84). In 
rigor where all myosin heads are strongly bound to actin 
(85) the off-meridional intensities of all myosin layer lines 
are much lower than in relaxed muscle although some 

myosin meridional reflections, including M2, M3 and M6, 
are quite bright (Figure 1; refs. 26, 54). 

 
During active contraction the intensities of the 

‘forbidden’ myosin meridional reflections M1, M2 and of 
the off-meridional myosin layer lines decrease dramatically 
compared to those in relaxed muscle (Figure 3; refs. 62, 
54). When whole frog muscle contracts isometrically at low 
temperature the off-meridional M1 intensity is only ~15% 
of its relaxed value (54). An even lower M1 intensity 
was found in contracting single intact frog muscle fibers 
(55). When contracting muscle is allowed to shorten 
under very low load the M1 intensity is about three 
times higher than during isometric contraction although 
remains nearly half of that in the relaxed state (47). As 
the fraction of myosin heads bound to actin decreases 
when contracting muscle shortens at maximal velocity 
(86, 87), the data suggest that the myosin layer lines in 
contracting muscle mainly result from x-ray diffraction 
of the detached myosin heads. 
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On the other hand, there is evidence for a 
substantial contribution of weakly bound myosin heads 
with either ATP (88) or ADP⋅Pi (89) in their active sites to 
the off-meridional intensity of the myosin layer lines. To 
dissect the contribution of weakly bound heads from that of 
detached ones, x-ray diffraction patterns from muscle fibers 
with permeabilized cell membrane in the absence of Ca2+ 
were compared at different sarcomere length, temperature, 
ionic strength, in the absence and in the presence of 
polyethylene glycol that promotes weak binding. Modeling 
of x-ray diffraction patterns of muscles with weakly bound 
myosin heads was performed (90) to obtain a quantitative 
description of the experimental data (88). The modeling 
suggests that weak binding of myosin heads to actin with a 
~70° full range of dispersion of axial attachment angles and 
a ~150° full range of dispersion of azimuthal attachment 
angles fits the intensity profiles for myosin layer lines from 
M1 to M6. 

 
3.3.2. Actin layer lines 

Actin layer lines have spacings multiple of 
~1/36 nm-1 (Figures 1, 2). The presence of a meridional 
spot at about 2.73 nm, the bright layer lines at ~5.9 nm and 
~5.1 nm which are clearly seen even in the resting state, 
and the first layer line at about 36 nm suggest the 13/6 
helical model for the actin helix with 13 actin monomers 
per 6 helical turns (26). The 13/6 model is a rough 
approximation and more complicated models such as 
67/31, 132/61 or 69/32 have also been suggested for 
different states of F-actin from high resolution x-ray 
diffraction on oriented gels of F-actin (91). Here we will 
use the simplest 13/6 nomenclature for the actin layer lines. 
A1 is the 1st actin layer line at ~(36 nm-1), A6 and A7 are layer 
lines with spacings of ~(5.9 nm)-1, and ~(5.1 nm)-1, etc. Most 
probably F-actin is a non-integral helix and also not a precisely 
periodic structure. This agrees with observations showing that 
actin layer lines are intrinsically much wider than myosin layer 
lines (Figure 1). Several factors are known to affect the F-actin 
structure. Changes in the intensities of A1, A2 and A6 actin 
layer lines (92, 93) and in the axial shift and angle between two 
neighbor monomers (46, 47) of the actin helix occur upon 
activation of intact muscle under conditions when no 
crossbridge attachment takes place. Strong binding of myosin 
heads also stretches and twists the actin helix (49). 

 
In relaxed muscle almost all actin layer lines are 

weak as myosin heads are located near the thick filaments and 
the actin layer lines are produced only by the thin filament 
proteins themselves. The bright layer lines are A6 and A7 at 
~5.9 and ~5.1 nm, respectively, which have intensity peaks at a 
reciprocal radius of 0.07-0.09 nm-1 and A1 and A2 at higher 
(0.12-0.4 nm-1) reciprocal radii. The A6 and A7 layer lines in 
relaxed muscle are mainly produced by actin while the high 
angle peaks on the A1 and A2 layer lines result from x-ray 
diffraction on both actin and tropomyosin (92, 93). Troponin 
also contributes to actin layer line intensities. Its contribution 
depends on activation of the thin filaments with Ca2+ and on 
strong binding of myosin heads to actin (158). 

 
In rigor all actin layer lines become very intense 

because myosin heads strongly bind actin thus increasing 
the diffracting power of the actin helix (Figure 1; ref. 26). 

Rigor values of the intensities of the actin layer lines can be 
used as scaling factors for the intensities in other 
physiological or biochemical states of muscle as all myosin 
heads in rigor are strongly bound in rigor in vertebrate 
muscles. Further increase in the intensities of all actin layer 
lines can be achieved by addition of myosin heads (or S1) 
to permeabilized muscle fibers stretched to a sarcomere 
length of 3-4 µm where overlap between the thin and thick 
filaments is small or absent (17-20).  

 
In rigor the intensity of the A6 actin layer line, 

IA6, increases about twice compared to its relaxed value, 
mainly in the vicinity of the meridian, with a peak at a 
reciprocal spacing of 0.04-0.05 nm-1 (94, 95, 17). Addition 
of S1 to stretched muscle fibers to non-overlap leads to a 
further increase in IA6 at the same reciprocal radius. When 
short S1 constructs lacking the light chain domains (LCD) 
were added instead of a full length S1, the position of the 
A6 peak was slightly shifted to higher reciprocal radius 
(17). However even after addition of truncated S1 the 
position of the A6 peak was at much lower reciprocal 
radius than in relaxed muscle. These data demonstrate that 
LCDs of strongly bound myosin heads mainly contribute to 
the near-meridional A6 intensity (ibid.). Titration of muscle 
fibers with ATP-γS that detaches rigor myosin heads from 
actin also showed that rigor myosin heads mainly affect the 
intensity of this layer line at a reciprocal radius of 
~0.05 nm-1 (95, 17). The intensity IA7 of the A7 actin layer 
line also increases by a factor of ~2 upon binding of 
myosin heads in rigor although the position of the intensity 
peak on this layer line does not change much compared to 
relaxed state (94). 

 
Very small changes in the intensity profiles of the 

actin layer lines were observed upon ADP binding to 
muscle fibers with permeabilized membrane which were 
stretched to non-overlap and decorated with fast skeletal 
S1. More pronounced changes were found when slow 
skeletal/cardiac myosin S1 and especially S1 from smooth 
muscle or non-muscle myosin II were soaked into fibers in 
the same conditions (20). The changes in the layer line 
intensities were used for inferring a picture of the ADP-
induced conformational changes in different strongly bound 
actin-S1 complexes. 

 
While nucleotide-free S1 or S1⋅ADP complex 

bind actin strongly, S1 complexes with ATP or ADP and Pi 
have much lower affinity for actin (96). The effect of weak 
binding of myosin heads to actin on the intensities of the 
actin layer lines is not well understood. An increase in the 
A1 layer line intensity, IA1, was shown to occur upon a 
decrease in the ionic strength of the relaxing solution 
bathing permeabilized muscle fibers treated with N-
phenylmaleimide (88). The treatment stops ATP hydrolysis 
and leaves myosin heads in a state where only weak 
binding to actin is possible while low salt was shown to 
promote weak binding (97, 98). On the other hand no 
increase in IA6 upon weak binding was found in 
experiments (88), suggesting that weak binding to actin is 
non-stereo-specific (99, 88, 90). Such binding is 
characterized by a range of azimuthal and axial angles of 
attachment of myosin heads to actin. As the weak binding 
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is very sensitive to the ionic strength (98) it is probably 
mainly electrostatic. 

 
The dispersion of the attachment angles results in 

a significantly lower contribution of the non-stereo-
specifically attached myosin heads to actin layer lines than 
that of strongly, stereo-specifically bound ones. Diffraction 
theory suggests that dispersion of axial attachment angles 
mainly affect the intensities of the high-order actin layer 
lines, while the azimuthal dispersion primary depresses 
those layer lines where the intensity depends on the 
contribution of the Bessel functions of higher orders (34, 
63, 78). This means that the dispersion of axial attachment 
angles is expected to depress the A5, A6 and A7 intensity 
more significantly than that of A1 and A2. On the other 
hand, dispersion of the azimuthal attachment angle should 
marginally decrease IA6 and IA7 because the main Bessel 
term for these layer lines is J1. The A1 layer line with the 
main Bessel terms J2, and especially A2, A3, A4 where J4 
and higher order Bessel functions dominate are expected to 
be much more sensitive to the azimuthal disorder than A6 
and A7. The effect of the non-stereo-specifically bound 
myosin heads on the actin layer line intensities was 
estimated using S1 covalently cross-linked to actin with a 
zero-length linker, EDC, in overstretched muscle fibers 
(18). When uncross-linked S1 was washed out, addition 
and washing out of ATP induced reversible changes in the 
intensities of all actin layer lines. These intensities in the 
presence of ATP were indistinguishable from those 
recorded from the same muscle specimens in relaxing 
solution before addition of S1 and EDC treatment. This 
means that despite the covalent link between actin N-
terminal and S1 loop 2 the amount of axial and azimuthal 
disorder of these heads is so high that they do not 
contribute to the actin layer lines. 

 
An increase in IA6 during development of 

isometric contraction of intact frog muscle was found a 
long time ago (100). The increase in IA6 in contracting 
muscle compared to the relaxed state is about 30-40% of 
that in rigor muscle (17). However the position of the peak 
of the A6 layer line is not shifted towards the meridian as in 
rigor, but remains at about the same reciprocal radius as it 
is in relaxed muscles (94, 17). On the other hand, a small 
shift of the A6 peak towards the meridian can be seen 
during isometric contraction at higher temperature when 
muscle tension increases significantly (9). An increase in 
IA7 during development of isometric contraction is even 
more pronounced than that of IA6, up to 60% of its increase 
upon the transition from relaxed to rigor states. The 
position of the A7 peak in relaxed and rigor states and in 
contracting muscle remains at about the same reciprocal 
radius (0.075-0.09 nm-1; 94, 17). An increase in IA6 and IA7 
in contracting muscle with temperature was observed (8, 9). 
Both these intensities decrease with an increase in 
shortening velocity of contracting muscle (101). They are 
close to their relaxed values during contraction at maximal 
velocity (87). 

 
In early synchrotron experiments with 1D x-ray 

detectors no visible increase in IA1 during development of 
isometric contraction was found (5). A model was 

suggested to explain this finding. A significant fraction of 
myosin heads in contracting muscle was assumed to be 
non-stereo-specifically bound to actin (102). More recently 
with the advent of 2D x-ray detectors an increase in IA1 
during isometric contraction was observed (103). Using 
highly collimated x-ray beam, two neighboring layer lines, 
M1 (at ~43 nm) and A1 (at ~36 nm) in contracting muscle 
were reliably resolved and their intensities in different 
states were measured (47). In frog muscle contracting at 
low temperature IA1 is 10-15% of that in rigor (54, 8). 
When the temperature of contracting muscle increases, IA1 
also increases in parallel with tension while the number of 
myosin heads bound to actin, as estimated from stiffness 
measurements, remains constant (7, 8, 65, 66). At high 
temperature IA1 in isometrically contracting fibers from 
frog and rabbit muscles is about one third of its rigor 
value (8, 9). During shortening of contracting muscle 
under very low load IA1 decreases by a factor of ~2 (47) 
in parallel with the decrease in the number of myosin 
heads bound to actin (104). Other actin layer lines: A2, 
A4, A5 are also present in the diffraction pattern of 
contracting muscle (47, 54). Their intensities increase in 
parallel with tension when the temperature of 
contracting muscle increases (9). 

 
Some actin layer lines are insensitive to the 

conformation of myosin heads strongly bound to actin 
while others provide information about these 
conformational changes. The intensity profile of the 1st 
actin layer line A1 was shown to be independent of a 30-
35° tilt of the lever arm of myosin heads strongly bound to 
actin (20). The theory readily explains this by the fact that 
its pitch, ~36 nm, is much longer than the lever arm, 
~10 nm (63, 61). More pronounced changes caused by the 
tilt were observed on the A2, and especially on the higher 
order actin layer lines, A5-A7, as they have spacings close 
to the size of the lever arm and for this reason are sensitive 
to its axial and azimuthal tilt (20). 

 
The intensities of the actin layer lines, especially 

of A1, can be used to estimate the number of myosin heads 
bound to actin. The so called ‘square law’ assumes that the 
intensity of a layer line is proportional to the square of the 
number of myosin heads strongly bound to actin (103, 7, 8, 
47, 17). However it was shown that for some actin layer 
lines, including A1, the square law is not correct as the 
binding pattern of myosin heads to actin is not random, 
but has modulation with myosin-based periods of 
~14/5 nm and ~7.25 nm (63, 78, 105). An attempt to 
measure the dependence of the intensities of the actin 
layer lines on the degree of actin occupancy by strongly 
bound myosin heads was made by Tamura et al. (19). 
For this, different amounts of S1 were added to myosin 
fibers stretched to non-overlap sarcomere length in the 
presence and in the absence of Ca2+. It was found that 
the system saturates at an actin to S1 ratio of 0.3-0.4, 
that is far below full actin saturation and the intensities 
follow a linear rather than a square relationship. The 
authors explained their results by cooperative non-
random S1 binding to actin and by blocking of S1 
diffusion into myofibrils after a critical concentration of 
bound heads is achieved (ibid.). 
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The contribution of non-stereo-specifically bound 
heads to the actin layer line intensities in contracting 
muscle is sometimes controversial (88). The absence of the 
shift of the position of the intensity peak on A6 in 
contracting muscle can possibly be accounted for by non-
stereo-specific binding (17). Some authors believe that the 
lattice sampling by the layer lines affects their intensities, 
although it was shown theoretically that, in contrast to the 
equatorial and meridional reflections, their total integral 
intensity does not depend on the lattice disorder and 
sampling (63). 

 
3.3.3. Actin-myosin beating layer lines 

The presence in the diffraction pattern from rigor 
muscles of the off-meridional layer lines with spacings of 
~23-24 nm and ~10.2-10.4 nm that are not multiples of a 
period of either actin or myosin structures was discovered 
by Huxley and Brown (26). Bordas and colleagues (54) 
found that these layer lines which are absent in the relaxed 
pattern appear when muscle develops active tension (see 
also Figure 1). Later Yagi (106) explained the origin of 
these layer lines (he called them beating layer lines) by 
modulation of the actin binding pattern by myosin 
heads with a myosin-based periodicity on the basis of 
a theoretical approach (107). The most prominent 
myosin period, ~14.5 nm, i.e. the distance between 
neighbor crowns of myosin heads, is the main source 
of such modulation. The modulation results in the 
appearance of the layer lines with axial spacings of 
~1/14.5 nm-1 − ~1/36 nm-1 = ~1/24 nm-1, AM-1, and 
~1/14.5 nm-1 + ~1/36 nm-1 = ~1/10.4 nm-1, AM+1, where 
36 nm is the pitch of the actin helix. The only possible 
origin for these layer lines is myosin heads that are 
bound to actin and adopt the actin-based helical 
order, modulated by the myosin-based ~14.5 nm 
period. Neither unbound heads nor thin filaments 
themselves contribute to these layer lines. The theory 
of the beating layer lines was further developed to 
account for non-periodic binding modulation (108). 
More recently, a comprehensive theory with explicit 
expression for the layer line intensities for partially 
occupied helices and taking into account both the 14.5 nm 
and 7.25 nm modulations which arise from the three-
dimensional structure of the filament lattice in the A-band 
was described (105, 63, 78). 
 
4. TIME-RESOLVED X-RAY DIFFRACTION OF 
CONTRACTING MUSCLE 
 

The high brilliance of new synchrotron radiation 
sources opened exciting possibility to study the dynamics 
of molecular movement in contracting muscles or single 
muscle fibers using time-resolved x-ray diffraction. To 
monitor the time course of structural changes in a 
significant fraction of myosin heads these changes 
should be synchronized by step changes in mechanical, 
thermal or biochemical states which control the timing 
of actin-myosin interactions. In this case the time course 
of structural changes can be monitored concomitantly 
with those of tension and sarcomere length for 
understanding the relation between structure and 
mechanical function. 

4.1. Mechanical transients 
4.1.1. Transients induced by step releases or stretches 

An approach to synchronization of crossbridge 
responses was first put forward by Huxley and Simmons 
(109) who applied sudden step changes in the length of a 
single skeletal muscle fiber of the frog during the plateau of 
a fused tetanus and measuring tension transients induced by 
length perturbations in the range of ±0.5% of the fiber 
length. The main features of the tension transients 
following fast length perturbations were described in detail 
and interpreted in terms of crossbridge behavior. The 
transients induced by step releases consisted of elastic 
response (phase 1) followed by a fast partial tension 
recovery with a rate constant of ~1000 s-1 (phase 2). For the 
next several milliseconds tension remains nearly constant 
(phase 3) before it recovers completely to its initial level 
with a rate constant of 10-100 s-1 (phase 4). The rate 
constant of phase 2 increases with the extent of fiber 
release and decreases after stretches. Based on these 
experiments a model for the force generating mechanism 
by the crossbridges was proposed (109). In the model, a 
solid crossbridge rotates about a point of attachment on the 
thin filament through a number of discrete states like a 
ratchet, and stretches an elastic element connecting it with 
the rod of the thick filament. Phase 2 is considered to result 
from force generating steps of attached crossbridges while 
the final tension recovery represents a change in the 
crossbridge population that accompanies their detachment 
and reattachment. 
 

The structural evidence supporting this model 
was first obtained in time-resolved x-ray diffraction 
experiments with whole frog muscle (4, 5). It was found 
that the intensity of the M3 meridional reflection (IM3) that 
corresponds to a ~14.5 nm axial repeat of myosin 
molecules along the backbone of the thick filament 
transiently decreases after step releases and stretches. 
However, for small amplitude releases (2-3 nm per half-
sarcomere) no decrease in IM3 was detected and even some 
increase in IM3 has been observed (5, 57, 68, 112). For 
stretches or releases of larger amplitude IM3 does decrease 
(4, 5, 112). Experiments with single muscle fibers with 
submillisecond time resolution have demonstrated that the 
decrease in IM3 after the step releases occurs synchronously 
with phase 2 of the tension transient (67). 

 
Changes in IM3 upon length perturbations were 

interpreted as evidence for an axial movement of the 
myosin heads associated with mechanical execution of 
working stroke (5, 67, 112, 68). The asymmetric behaviour 
between the stretches and releases gives an indication of 
the average orientation of attached myosin heads in 
contracting muscle (112, 68, 57, 69). It is believed that in 
average LCD is tilted slightly towards the M-line (57, 69, 
2). 

 
After step length changes, IM3 recovered partially 

in 5-10 ms after releases and in 30-50 ms after stretches. 
The recovery time coincides with the time of ‘repriming’ of 
the force responses to length step changes (110, 111). Final 
IM3 recovery has the same time course as phase 4. It was 
also found that a decrease in IM3 following a release or 
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Figure 6. Radial profiles of the M3 meridional reflection during isometric contraction (black) and after releases (blue) or 
stretches (red) of bundles of three permeabilized fibers from rabbit muscle at ~30 °C. Data collected on ID02 at the ESRF from 4 
bundles in each of two series of experiments with a CCD detector. Step stretches by 4.5-5.5 nm per half-sarcomere (A) or 
releases by 8.5-10.5 nm per half-sarcomere (B) were applied. Pre-step (black) profiles were collected in 4 ms long time frames; 
the post-step (color) profiles were collected in 2 ms long frames immediately after the end of the step. Continuous and dashed 
lines correspond to the M3 reflections in each half of the un-mirrored patterns. 

 
stretch is reversible if muscle length is returned to its initial 
level in 1-2 ms after the length step (5). This change in IM3 
becomes irreversible if the time interval between two 
length steps is long enough (5, 111).  

 
Length step releases induce a decrease in IM3 only 

during phase 2 of the tension responses while no changes 
were seen during the step itself in phase 1 (67). Later a 
change in IM3 during phase 1 was found in responses to 
both releases and stretches only when the period between 
the subsequent length steps was short (111). Terms ‘long’ 
and ‘short’ relate to the ‘repriming’ time (110). The 
repriming is possibly accompanied by a detachment and 
attachment of myosin heads and a change in the population 
of attached heads (113). An explanation of the dependence 
of IM3 on the interval between length steps by incomplete 
reattachment of myosin heads in short stretch-release 
cycles is supported by the observation that the recovery of 
IM3 after length perturbations in frog muscle has a time 
course similar to that of the ‘repriming’ (5, 111). 

 
No changes in the width of the M3 meridional 

reflection in the radial direction was found in response to 
length steps in early experiments (5, 112). Recently an 
increase in the M3 intensity in the region of the 1,0 row 
line was observed in contracting intact frog muscles after 
quick releases (61). Our experiments with bundles of three 
permeabilized fibers from rabbit muscle contracting at 
~30 °C also show a widening of the M3 reflection after 
both releases and stretches (Figure 6). It is seen that after 
the step changes the M3 intensity profile becomes not 
Gaussian, with a more complex shape possibly arising from 
two different structures with different average radii. We 
cannot exclude unlikely possibility that the change in the 
M3 width and shape is a specific feature of multi-fiber 
specimens (ref. 61; Figure 6) and are absent in single fibers. 

However data from single fibers presented in (112) are too 
noisy to see the fine changes in the M3 shape described 
above (Figure 6; ref. 61). 

 
Apart from the large changes in the intensity of 

the M3 meridional reflection, the brightest non-equatorial 
reflection in the diffraction pattern of contracting muscle, 
changes in other myosin reflections following a length step 
have been reported. The intensity of the M2 ‘forbidden’ 
reflection increases upon step stretches (5, 61). No changes 
in the intensity of the M6 meridional reflection, IM6, were 
found in early length step experiments (5). However in 
more recent experiments performed on the 3rd generation 
synchrotrons, up to a 60% increase in IM6 was observed 
upon releases (57, 61) and a ~20% decrease upon stretches 
(61). 
 

Another recent finding concerns changes in the 
intensity, IAM+1, of the beating AM+1 actin-myosin layer 
line at ~10.4 nm that decreases by ~80% upon releases and 
by 30-50% upon stretches (61, 117). The authors 
interpreted these changes in IAM+1 as a sign of lever arm tilt. 
Small changes in the intensity of the actin A6 layer line 
following length steps were also reported (e.g. 61). 
 
4.1.2. Transients induced by sinusoidal length 
oscillations 

In rigor where all myosin heads are bound to 
actin filaments and are believed to be in the final force-
bearing state of the crossbridge cycle, IM3 changes in-phase 
with tension and sarcomere length in response to 3 kHz 
sinusoidal length oscillations of single muscle fibers. 
During contraction, IM3 changes in antiphase with 16 µs 
precision (2). The purpose of the experiments was to isolate 
the elastic behaviour of the myosin heads and to reduce the 
contribution of active force recovery. These observations 
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were analyzed assuming that in rigor the head conformation 
is the same as that suggested from fitting atomic structures 
to EM data (118) and that only the LCD participates in the 
tilting motion. It was estimated that in contracting muscle 
the axis of LCD, or ‘lever arm’, is at a slightly off-
perpendicular angle with respect to the fiber axis, being 
tilted by ~8° from perpendicular towards the M-line. This 
suggests a ~30° in tilt LCD between rigor and its average 
conformation in contracting muscle (2). 

 
A detailed study of the dependence of changes in 

IM3 on the frequency and amplitude of applied sinusoidal 
oscillations of fiber length has shown a more complicated 
and nonlinear behavior in the conditions where active 
tension recovery and a reattachment of myosin heads to 
‘new’ actin sites is expected (69). In the frequency range 
from 100 Hz to at least 1 kHz, a significant deviation from 
sinusoidal IM3 response was observed: it decreased roughly 
sinusoidally during positive phase of length change but its 
increase during the negative phase was greatly distorted, 
forming a double peak. A decrease in amplitude or an 
increase in frequency lead to a reduction in the distortion 
while at ~3 kHz the changes became almost sinusoidal as 
had been reported earlier (2). The amplitude of IM3 changes 
was found to be frequency dependent with a ~3 fold 
decrease for an increase in frequency from 100 Hz to 
~3 kHz (69). The experimental results were analyzed using 
a static model similar to that proposed by Dobbie et al. (2). 
The frequency dependence of the IM3 amplitude was 
explained by an increasing contribution of the power stroke 
or quick tension recovery at lower frequency, relative to the 
pure elastic distortion measured at high frequency (69).  

 
Oscillations in IM3 in response to applied low-

amplitude 1 kHz sinusoidal oscillations of the fiber length 
were found to be temperature dependent (70). At 4ºC the 
IM3 oscillations were in antiphase with the applied length 
changes and more or less sinusoidal. At 12ºC an extra drop 
in the positive wave of the IM3 signal appeared and at 22ºC 
the amplitude of this drop became equal to the amplitude of 
the main wave so that the frequency of the IM3 oscillations 
doubled. The results were interpreted as evidence for a tilt 
of the light-chain domain into a more perpendicular 
orientation at higher temperature (70). 
 
4.1.3. Interference studies 

The new interferometry technique was first used 
in experiments with step-length changes in intact frog 
single fibers (3). Quick releases were applied to 
isometrically contracting fibers and short x-ray frames were 
recorded during phase 1 and phase 2 of the tension 
transients. Changes of the interference distance L were 
calculated from the changes in the ratio of high-angle and 
low-angle intensity peaks of the M3 reflection (see Figure 
5). The changes in L include changes in axial position of an 
‘average’ crossbridge together with changes in length of the 
thin and thick filaments. The estimated displacement of a 
crossbridge was about 1/5 of that applied to a half-
sarcomere during phase 1. Although the filament 
compliance was estimated to be 60% of the total half-
sarcomere compliance a two-fold discrepancy between 
observed and expected changes in M3 interference splitting 

remained. To resolve the discrepancy the authors of (3) 
assumed that only one head of a myosin molecule binds 
actin during muscle contraction while its partner detached 
head remains nearly perpendicular to the filament axis with 
a narrow angular distribution. The second head contributes 
to IM3 substantively and according to the assumption does 
not move in response to applied length changes. 

 
The change in the M3 interference profile during 

phase 2, i.e. quick partial tension recovery following a step 
shortening was nearly invisible (3). As phase 2 is believed 
to be the working stroke of crossbridges (109), the apparent 
absence of the axial movement of the ‘average’ crossbridge 
was unexpected. This observation was explained by the 
effect of filament compliance and contribution of detached 
partners of attached myosin heads to the M3 intensity (3).  

 
Changes in the interference profiles of the M3 

and M6 reflections in response to length changes of 
different size applied to contracting whole muscle were 
studied by H.E. Huxley and colleagues (119, 120, 57). 
Quick releases and steady shortening also induced only 
small changes in the interference fringes of the M3 and M6 
intensities. A model similar to (3) was used by the authors 
for data interpretation and a significant contribution from 
some immobile structures to both reflections was assumed 
to explain the small apparent crossbridge displacements. 
The experiments with load step changes applied to 
isometrically contracting intact single muscle fibers were 
designed to eliminate the contribution of filament 
compliance (6). Changes in the interference splitting during 
phase 2 of length transient should reflect directly the extent 
of the working stroke as the filament strain remains 
constant and detachment/reattachment of the heads is 
negligible at this short time interval (5, 110). A 4 nm 
filament sliding during phase 2 under constant low load 
was accompanied by a change in the interference pattern 
that corresponds to only about 1 nm change in the M3 
interference distance. Again, to explain the data, a 
substantial contribution of detached myosin heads to the 
M3 intensity was assumed.  

 
Models derived to explain the results of 

interference measurements have consequences that can be 
verified experimentally. For example, crossbridges with 
both heads nearly perpendicular to the filament axis should 
be seen in EM images of contracting muscle. Also model 
predictions of expected changes in the intensities of the 
high order myosin meridional reflections, M9, M15, and to 
actin layer lines A1 and possibly A6 could in principle be 
tested. 
 
4.2. Temperature jump transients 

Isometric tension developed by fully activated 
muscle fibers increases with temperature (121). In intact 
frog fibers in the temperature range of 2 ºC to 17 ºC tension 
increases by 43% (122) to 70% (66). In intact single rat 
muscle fibers tension was found to increase ~4.5 fold upon 
an increase in temperature from 5 ºC to 35 °C (123). 
Temperature jump (T-jump) applied to a chemically 
permeabilized fiber contracting at ~5ºC induces a tension 
rise. In frog muscle fibers tension increases by ~80% at 
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~30ºC (8). Up to 5-fold tension rise upon T-jumps from ca. 
5ºC tp 37ºC was observed in rabbit muscle fibers (124, 125, 
65, 9). 

 
The T-jump induced tension rise accelerates with 

the final temperature, however it remains several-fold 
slower than that of the transient induced by a length step, 
and is strain-independent (65). In addition, these two types 
of transients do not interact and probably have a different 
origin (ibid.). This rise in tension in both rabbit and frog 
muscles occurs without any significant change in stiffness 
of fully activated fibers. This means that the number of 
myosin heads attached to actin filaments remains nearly 
constant and thus the rise in tension cannot be accounted 
for by an increase in this number (124, 7, 8, 65, 66). The 
average force produced by an attached myosin head 
increases with temperature so that structural changes 
responsible for this are of particular interest. 

 
The tension rise following a T-jump induces a 

simultaneous decrease in the intensity of the 1,0 equatorial 
reflection without any significant changes in that of the 1,1 
(7-9). Such behaviour of the equatorial intensities can be 
explained by a transition of non-stereo-specifically attached 
heads to a stereo-specifically bound state (7, 8). During 
such transition the catalytic domains of myosin heads 
remain in the vicinity of the thin filaments while their neck 
domains move away from the backbones of the thick 
filaments causing more pronounced decrease in the 1,0 
intensity (7, 8).. 

 
Changes in IM3 are biphasic: after T-jumps from 

~5 ºC to ~30 ºC in rabbit muscle fibers, IM3 dropped by 
~20% immediately after the T-jump and rose by ~60% with 
respect to its pre-T-jump level with a time course similar to 
that of the tension rise (9). An increase in the M3 intensity 
at higher temperature was also observed in intact muscle 
fibers where the increase was accompanied by an increase 
in its radial width (56). As the fraction of the bound myosin 
heads is temperature independent as it is seen from the 
constancy of stiffness and in the 1,1 intensity (7, 8, 9, 56), 
the increase in IM3 with temperature can be explained by 
either more perpendicular orientation of the heads with 
respect to the fiber axis or smaller dispersion from the 
14.5 nm repeat. The dip in IM3 immediately after the T-
jump demonstrates that the early phase of the tension rise is 
accompanied by a change in the axial orientation of myosin 
heads or their light chain domains (9). 

 
It was found that tension rise after the T-jump in 

both frog and rabbit muscle fibers is accompanied by an 
increase in IA1 (7-9). This increase in IA1 is approximately 
proportional to that of tension and occurs simultaneously 
with it within 1 ms accuracy (9). A small increase in the 
intensity of all other actin layer lines up to A7 and in the 
beating actin-myosin layer lines AM-1 and especially AM+1 
upon the T-jump was also observed (9). The changes in the 
layer line intensities took place without changes in the 
number of myosin heads bound to actin as estimated from 
the measurement of stiffness and equatorial x-ray 
intensities. Therefore they result either from 
conformational changes in the myosin heads bound to actin 

or from changes in the mode of their attachment to 
actin, i.e. from a rearrangement of the actin-myosin 
interface. A tilt of LCD of myosin heads with respect to 
CD that remains strongly bound to actin is expected to 
cause no changes in IA1 (61). This suggests that almost 
three-fold increase in IA1 after T-jump from 5 °C to 
30 °C in rabbit muscle fibers can be only explained by a 
transition from a non-stereo- to a stereo-specifically 
bound state (9). Changes in IA1 upon T-jumps in frog 
fibers are slightly less pronounced (8). This correlates 
with smaller tension rise in frog muscle compared to 
rabbit one. 

 
In rigor T-jump induced a drop in tension due to 

thermal expansion of the thin or/and thick filaments (124, 
125). The only change in the rigor x-ray diffraction pattern 
observed upon T-jump is a decrease in the M3 intensity. 
This probably results from a release of strain in rigor 
myosin heads upon increase in temperature due to thermal 
expansion of myofilaments (8). 
 
4.3. Flash photolysis of caged-compounds 

A method of fast uniform activation of 
permeabilized (or demembranated) muscle fibers that 
synchronizes structural responses of myosin heads is to use 
a biologically inert molecule which upon illumination by a 
flash of light, breaks down to release an activator of muscle 
contraction. If this molecule diffuses freely into the muscle 
fiber, and if light pulse penetrates evenly throughout the 
fiber, fast and homogeneous activation ensues. 

 
The most commonly used compound for this 

purpose is NPE-caged ATP, the P3-1-(2-nitrophenyl)ethyl 
ester of ATP (126), which photolyzes to ATP and the by-
products 2-nitrosoacetophenone and H+ (127). The 
appearance of ATP from NPE-caged ATP is temperature 
and pH dependent; it occurs with a rate constant of ~140 s-1 
at pH 7.1 and room temperature (128). Depending on the 
absence or presence of calcium in the fiber, prior to 
photolysis, release of ATP results in relaxation (129, 130) 
or contraction (131), respectively. DMB-caged ATP that is 
P3-[1-(3,5-dimethoxyphenyl)-2-phenyl-2-oxo]ethyl ester of 
ATP, liberates ATP faster than NPE-caged ATP with the 
dark reaction time >105 s-1 (132). 

 
Early x-ray experiments with flash photolysis of 

caged-ATP were focused on relaxation kinetics of the 
equatorial intensities (10, 133-135). Later with the use of 
more advanced radiation sources and 2D x-ray detectors 
the intensities of the M3 meridional reflection and some 
layer lines were also resolved in the absence and in the 
presence of Ca2+ (11, 136, 137, 12-15). It was found that 
the decay of the rigor structure of actin filaments 
decorated by strongly bound myosin heads has a time 
course similar to that found in solution if the rate of 
ATP liberation and binding of caged-ATP to myosin are 
taken into account (15). No significant difference in the 
rate of ATP-induced acto-myosin dissociation between 
one-headed S1s and two-headed myosin molecules in 
muscle was found (ibid.). Fast DMB-caged ATP 
provides faster structural responses of muscle fibers 
than conventional NPE-caged ATP (12). 
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Experiments using arrays of single muscle fibers 
and a very bright light source showed that the intensity of the 
beating actin-myosin layer line AM+1 at ~10.4 nm decays 
slower than those of all actin layer lines upon ATP liberation in 
the absence of Ca2+ (15). As this layer line specifically 
indicates stereo-specific actin myosin bonds, the data show that 
rigor myosin heads switch on the thin filaments and activate 
normal contraction as was suggested by Goldman et al. (130). 

 
Flash photolysis of caged-ATP in the presence of 

Ca2+ did not reveal a delay between ATP-induced dissociation 
of myosin heads from actin and their reattachment as estimated 
by the intensity of the 1st actin layer line A1 (12, 14). This 
probably results from insufficient spatial and temporal 
resolution of those experiments that makes it difficult to 
distinguish between the M1 and A1 layer lines. 

 
Tension rise following photo-liberation of ATP in 

the presence of Ca2+ is accompanied by a rise in IM3 (136, 
137, 14). A short dip in IM3 followed by its rise was 
resolved using fast DMB-caged ATP. It was also found that 
the rise in IM3 has the same rate constant as tension rise 
(12). These observations indicate that force generation is 
accompanied by a rearrangement of the cross-bridge 
orientation. The amount and the rate of the rise of IM3 
correlate with those of tension in the experiments where 
tension rise was accelerated, but depressed by addition of 
20 mM Pi in the pre-flash solution (14). The increase in IM3 
during activation by flash photolysis of caged-ATP 
correlates with the amount of ATP liberated and becomes 
zero or even negative when [ATP] decreased to 0.13 mM 
or below (13). Changes in IA1 and IA6 upon liberation of 
small amounts of ATP were more pronounced than those of 
IM3 and equatorial intensities (ibid.). 

 
Flash photolysis can also be used to change the 

concentration of other important components in the 
actomyosin ATPase cycle, such as ADP and inorganic 
phosphate. For instance Horiuti et al. (138) use caged-ADP 
to rapidly modify the ATPase product concentration in 
contracting muscle and to study its effect on the x-ray 
diffraction pattern. The photoliberation of ADP induced a 
fast drop of rigor tension and an increase in IM3 (138). The 
latter was similar to that achieved by a stretch of rigor 
muscle (139). 

 
Muscle fibers can also be activated by photolytic 

release of calcium from caged-calcium. DM-Nitrophen is 
one such compound which releases calcium upon 
photolysis and induces muscle activation (140). It was used 
to show that the structural changes revealed by equatorial 
x-ray intensities precede force generation (141). Another 
caged-Ca compound, NP-EGTA, was used by Hoskins et 
al. (16) to investigate changes in the equatorial intensity 
profile induced by photolytically released calcium.  
 
5. X-RAY DIFFRACTION AND MECHANISM OF 
THE ACTIN-MYOSIN MOTOR 
 
5.1. X-ray diffraction on different muscle specimens 

X-ray diffraction experiments performed with 
different muscle specimens gave similar, but not identical 

results. It is important to discuss possible effects of 
methodological differences on the observed diffraction 
patterns as it is believed that the structural changes which 
underlie observed changes in the pattern and the 
mechanism of the actin-myosin motor in different muscles 
is universal. 

 
Intact frog muscle is the classic object of x-ray 

diffraction studies (1, 24-26,). More recently when modern 
high flux synchrotron radiation sources with a small beam 
size became available, single frog intact muscle fibers have 
been used by several research groups (2, 6, 22, 23, 42, 67, 
69, 70). The main advantage of using single fibers instead 
of whole muscles is that changes in sarcomere length can 
be measured precisely using laser diffraction (42) or by 
means of a striation follower (67). Oxygenation of a single 
fiber is easier than that of a whole muscle so that one can 
expect higher ATP concentration and lower concentrations 
of the products of its hydrolysis during contraction of a 
single muscle fiber. Electrical stimulation of a single fiber 
is also more reliable. In whole muscle preparations a failure 
to respond to stimulation of a small fraction of the fibers is 
difficult to detect although even a small fraction of fibers 
that fail to be activated corrupt the x-ray diffraction pattern 
of contracting whole muscle. The use of small bundles of 
intact fibers (33) is a reasonable compromise especially if 
the size of synchrotron x-ray beam is too large and its flux 
is not high enough for a single fiber. 

 
It is worth mentioning that many x-ray diffraction 

experiments with intact frog muscles and single fibers 
were performed at a low temperature at which frogs are 
able to crawl, but not jump. Only in a few papers more 
physiological temperature has been explored (56, 70, 
92,). 

 
The diffraction pattern of contracting intact 

mammalian muscle from mice diaphragm was described by 
Iwamoto et al. (159). The pattern collected from this 
muscle during isometric contraction at 25 °C was similar to 
those obtained from intact frog muscles contracting at 5 °C. 
The only difference found is a significant contribution of 
the M6 layer line to the off-meridonal intensity of the 
combined A5/M6 layer line in the frog sartorius, but not in 
mouse diaphragm muscle (159). 

 
Whole muscles, single fibers or small bundles 

of fibers from mammalian muscles with permeabilized 
cell membrane are also classical preparations for x-ray 
diffraction studies on muscle (67). An advantage of 
using muscle specimens with permeabilized membrane 
is that the chemical environment of contractile proteins 
can be controlled. The loss of electrical excitability of 
the fibers is also convenient for using flash photolysis of 
caged compounds and joule temperature jump 
techniques described above in sections 4.2, 4.3. A 
majority of biochemical studies of the actin-myosin 
ATPase in solution and in muscle fibers were performed 
with rabbit skeletal myosin or fibers from rabbit muscle, 
so that the kinetic properties of these specimens are well 
documented and can be compared with the time course 
of structural changes revealed by x-ray diffraction. 
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A disadvantage of permeabilized muscle 
preparations is that diffusion of ATP and products of its 
hydrolysis may be insufficiently fast for maintaining the 
chemical potential of the actin-myosin ATPase. For 
maintaining a high concentration of ATP and a low 
concentration of ADP, high concentration of 
phosphocreatine-phosphokinase backup system is needed 
(29, 160), although the presence of some inorganic 
phosphate in the core of a single fiber is unavoidable (161). 
The diffusion problem becomes worse when bundles of 
muscle fibers are used instead of a single fiber because the 
diffusion rate is proportional to the square of the muscle 
diameter. Besides cell membranes in multi-cellular 
specimens hamper diffusion even after the membranes are 
made permeable. A compromise between the diffusion 
problem and low diffracting power of single fibers can be 
achieved by using an array of single muscle fibers (17, 18, 
20) although dissection and mounting of such array is 
difficult and time consuming. The use of small bundles of 
two-four fibers (9, 158) is another reasonable compromise 
between diffusion rate and diffracting power. However 
special efforts are needed to assure homogeneity of 
sarcomere length of different fibers in the bundle (9). 

 
The main problem in using fibers with 

permeabilized membranes is the loss of their structural 
homogeneity during activation by Ca2+. This problem is 
especially serious in frog fibers where wide dispersion of 
sarcomere length takes place even at partial Ca-activation 
(162). The sarcomere disorder is also quite severe for 
mammalian muscle fibers if they are activated at 
temperature above 10-15 °C (163). To overcome this 
problem, sarcomere structure can be stabilized, and 
incipient disorder during force development minimized by 
treating fibers with EDC (29, 164) using a modification of 
the procedure initially suggested by Tawada and Kimura 
(165). EDC covalently cross-links amino groups on side 
chains of a protein to carboxylic side chain of another 
protein. It was shown to cross-link lysines of loop 2 on a 
myosin heads to acid residues on the N-terminus of actin 
(166). EDC also induces some cross-linking within the thin 
filaments and partially switching them on even in the 
absence of Ca2+ (165). 

 
Although EDC treatment protects structural 

homogeneity of muscle fibres during Ca2+ activation, there 
is concern relating to the extent of modification of the 
mechanical and structural properties of the fibers by EDC 
cross-linking. The extent of cross-linking was estimated by 
measuring instantaneous stiffness of muscle fibres in the 
‘super-relaxing’ solution, i.e. in the absence of Ca2+ and in 
the presence of high concentrations of inorganic phosphate, 
Pi, and butanedione-monoxime, BDM (29). BDM and Pi 
were added to prevent binding of uncross-linked myosin 
heads to thin filaments partially switched on by the EDC 
treatment. After treatment of frog fibers with 10 mM EDC 
for 10 min some active tension and stiffness have been 
detected in the ‘super-relaxing’ solution. Tension was 
below 10% and instantaneous stiffness was between 12% 
and 20% of the value during isometric contraction at 
saturating concentration of Ca2+ (29). In another set of 
experiments with frog muscle fibers with longer EDC 

treatment (10-15 min) ~5% remaining tension and 13-19% 
remaining stiffness were found in the ‘super-relaxing’ 
solution compared to fully Ca-activated contraction. As 
about a half of half-sarcomere compliance in contracting 
muscle is due to filament compliance (8) these stiffness 
measurements suggest that about 10% of myosin heads 
were cross-linked to actin in these conditions. 

 
The effect of EDC cross-linking on the 

diffraction pattern is discussed below. The fact that most 
myosin heads remain uncross-linked (>10:1) and cycle in a 
normal way is supported by the results of length step 
experiments (29). Changes in IM3 following length releases 
and stretches of EDC treated fibers from frog (29, 8) and 
rabbit (ref. 9; Figure 6) muscles are very close to those in 
intact frog muscles (57) and single fibers (112). It should 
be noted that for rabbit muscle fibers, a shorter EDC 
treatment than for frog fibers  is needed (5-6 min compared 
to 10-15 min) to protect structural order (9) because of 
much lower relative force they develop at decreased 
temperature of activation. 

 
An increase in IA6 intensity and the amount of the 

A1 component in the combined A1/M1 layer line in the 
‘super-relaxing’ solution after EDC treatment for 6.5 min 
compared to relaxed pattern before the treatment shown in 
Figure 7. Increase in IA6 was only 7% (Figure 7C). This 
figure is much lower than the increase in IA6 during the 
transition of the same muscle bundle to rigor (87%, Figure 
7C) and significantly less than ca. 40% increase in IA6 upon 
development of isometric contraction. A 6-7% increase in 
IA6 was found upon activation of the thin filaments without 
attachment of myosin heads (93, 17, 158). As EDC 
treatment was shown to cross-link regulatory proteins (167) 
the data presented in Figure 7C demonstrates that only a 
small minority of myosin heads were cross-linked to actin. 

 
The heads cross-linked to actin with EDC in rigor 

are also expected to increase the A1 component in the 
combined first actin-myosin layer line. In the ‘super-
relaxing’ solution the A1 component however was not seen 
(Figure 7B). A small shoulder corresponding to 2.3% of the 
rigor A1 intensity can be detected by fitting the M1/A1 
layer line with fractions of the A1 (rigor) and M1 (relaxed) 
component (Figure 7B). This is much smaller than the 30% 
contribution of the rigor A1 intensity in the same combined 
actin-myosin layer line during isometric contraction at 
near-physiological temperature (Figure 7A). The data 
confirm that limited treatment with EDC only marginally 
affects the x-ray diffraction pattern of muscle fibers. It was 
shown (7, 8, 29) that the ability of muscle fibers to respond 
to small perturbations (<10 nm per half-sarcomere length) 
also remains unchanged although the fibers cannot shorten 
by more than 1.5% of their length. 

 
5.2. Structural models of the actin-myosin motor in 
muscle 

Different orientations of crossbridges in rigor and 
relaxed states first found in flight insect muscle (142) gave 
rise to the swinging crossbridge hypothesis (143). In this 
hypothesis, the head of a myosin molecule turns as a whole 
around its point of attachment to the thin filaments thus
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Figure 7. Effect of EDC cross-linking on the intensities of some actin layer lines. A: The region of the first myosin (M1) and 
actin (A1) layer lines on the 1,1 row line. Off-meridional integration in the region of reciprocal radii from 0.035 nm-1 to 0.06 nm-

1. The same data set as in Figure 1. Intensity profile during contraction at 30 °C after 5.5 min treatment with EDC (red) was fitted 
by a wighted sum of the relaxed (green) and rigor (black) intensities measured before EDC cross-linking. The relaxed and rigor 
intensity approximately correspond to the M1 and A1 components. B and C: data from a bundle of three fibers in relaxing 
(green), rigor (black) and ‘super-relaxing’ (brown) solutions. Data in super-relaxing solutions wee obtained for 200 ms after 
treatment with 10 mM of EDC for 6.5 min. In B the same integration region and the same deconvolution procedure as in A was 
employed. In C the A6 layer line was integrated along the meridian and plotted against reciprocal radius. Background is 
subtracted. 

 
pulling the two filaments along each other. This concept 
was later used for explaining tension transients induced by 
step length changes of contracting muscle (109). 
 

The crystal structure of myosin subfragment 1, 
S1, revealed that the molecule consists of two main 
fragments – a globular catalytic, or motor, domain 
which binds actin and hydrolyzes ATP and a light chain 
domain, LCD, that is long α-helical heavy chain neck 
with essential and regulatory light chains bound (118). 
The angle between the two domains was found to change 
depending on nucleotide bound to the active site of S1 
(144-146). These findings lead to so called ‘lever arm’ 
hypothesis. According to it force generation by myosin 
S1 results solely from a tilt of the light chain domain 
with respect to the motor domain bound to actin 
filament (147, 114-116). Changes which occur in the 
actin-myosin interface were by default supposed to be 
not important for mechanical function of the motor. As 
the hypothesis arose from crystallographic data obtained 
with S1 in the absence of actin, its independent 
verification in muscle, i.e. in the conditions where 
myosin motors produce mechanical work, is of 
particular importance. 

 
A number of experimental results are in line with 

the ‘lever arm’ hypothesis. Among them is a tilt of 
rhodamine probes attached to the light-chain domain as 
measured by fluorescence polarization (148-150) and 
changes in the M3 intensity on x-ray pattern upon step 

length changes (5, 67). Also the unloaded velocity of actin 
filaments on myosin-coated surface in the in vitro motility 
assay was found to be directly proportional to the length of 
engineered LCD (151). All these data support but do not 
prove the lever arm hypothesis as can be interpreted by 
swing of whole S1 on the actin surface. 

 
There are however several observations that do 

not fit the lever arm model. EM tomograms of quickly 
frozen contracting insect flight muscles show a wide 
distribution of the azimuthal and axial angles of attachment 
of myosin motor domains with respect to actin (152), 
suggesting a rolling of the catalytic domain of myosin head 
on the actin surface (153). In optical trap experiments the 
working stroke of S1 from myosin II molecule with 
truncated LCD was found to be larger than the size of the 
interdomain bending predicted by the lever arm mechanism 
(154). 

 
Direct x-ray evidence for two different ways of 

binding myosin heads to actin was obtained in T-jump 
experiments on single muscle fibers from the frog (7, 8). 
It was found that the tension rise after the T-jump is 
accompanied by an increase in the intensity of the first 
actin layer line, IA1.  Such an increase in the diffracting 
power of the actin helix for a constant number of 
attached myosin heads (8, 65, 66) can be explained by a 
change in the mode of binding of myosin heads. The 
long pitch of the actin helix, ~36 nm, is much longer 
than LCD (~10 nm).  
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Figure 8. On the right, myosin heads are stereo-specifically 
bound to actin. The actin-S1 interface is as suggested by 
Holmes et al. (156), with the lever arms of the heads tilted 
axially by 50° compared to their rigor state. On the left, the 
myosin heads are bound non-stereo-specifically to the same 
sites on an actin filament. Blue, red and green myosin 
heads are coming from the three surrounding myosin 
filaments. The actin filament is shown in grey. The non-
stereo-specifically bound heads are attached to actin over a 
range of azimuthal and axial angles. M-line is on the top. 

 
For this reason, any possible lever arm tilt in the 

axial or azimuthal directions does not affect the A1 
intensity (63, 61, 78). These data suggest that the heads 
which were initially attached to actin non-stereo-
specifically, i.e. at different azimuthal and maybe axial 
angles, gain the order defined by the actin helix, i.e. bind 
actin stereo-specifically (Figure 8). 
 

When axial and especially azimuthal angles 
between S1 motor domain and actin deviated from their 
fixed values characteristic for stereo-specific binding, the 
intensities of the actin layer lines decrease because of the 
loss of actin helical symmetry. A transition of non-stereo-
specifically bound myosin heads to a stereo-specifically 
bound state leads to an increase in the intensities of the 
actin layer lines. 

 
It was found that the time course of the increase in 

IA1 coincides with that of the tension rise with millisecond 
precision. in experiments where changes in force and in the 
x-ray diffraction pattern were monitored during isometric 
contraction of rabbit fibers with chemically permeabilized 
membrane in response to T-jumps from ~5 °C to ~30 °C 
(9). Although the time course of other actin and actin-
myosin layer lines was not measurable in these experiments 
their intensity obviously also increased with tension. This 

confirms a rise in stereo-specific labeling of the actin helix. 
These observations lead to a new, ‘roll and lock’, model of 
force generation (ibid.). This model unites the transition 
from non-stereo-specific attachment to stereo-specific 
binding with the lever arm mechanism. It suggests that the 
stereo-specific ‘locking’ transition is accompanied by an 
axial swing of S1 and is an essential part of the force 
generation mechanism. The lever arm tilt occurs after this 
step. The model combines a Brownian ratchet mechanism 
used in the first model of actin-myosin motor (155) with 
the Huxley-Simmons type of model (109). In contrast to the 
original model (155) where the thermal driven movement 
of a cross-bridge was directed toward the M-line, in the 
‘roll and lock’ model the Brownian movement is a rotation 
of a myosin head on actin surface. During the rotation the 
center of mass of the head moves toward the Z-line (9) with 
respect to the actin-S1 contact point. Correspondingly the 
center of mass moves M-ward with respect to the S1-S2 
junction as suggested (70, 122). The model explains the 
observed changes in the intensities of a number of actin and 
myosin based x-ray reflections and predicts that the 
‘locking’ transition should be strain-dependent (9). 
Changes in IA1 were found to accompany tension transients 
induced by length step perturbations of frog muscles (61, 
117, 9) as predicted by the model. Releases increased IA1 
while stretches decreased it by corresponding promoting 
and hampering the stereo-specific ‘locking’. 

 
It should be noted that experiments with 

fluorescent probes attached to SH1 group on CD of myosin 
heads in rabbit muscle fibers did not reveal any axial 
rotation upon length changes expected from the ‘roll and 
lock’ model (157). On the other hand, changes in the 
orientation of this probe induced by flash photolysis of 
caged-ATP and caged ADP did not correlate with changes 
in tension produced by myosin heads (157). This suggests 
that the probe rather reports local changes around the SH1 
group and may be insensitive to a rotation of CD as whole. 

 
The ‘roll and lock’ model suggests that initial 

binding of a myosin heads with ATP or ADP and Pi bound 
to actin may occur at a range of different azimuthal and 
axial angles, i.e. non-stereo-specifically. On the other hand, 
a number of experiments show a significant stiffness of the 
pre-force-generating myosin heads that is similar and 
probably equal to that of rigor, stereo-specifically bound 
heads (97). A question arises what is the nature of a non-
stereo-specific weak actin-myosin bond and why its 
stiffness is high. Significant fraction of weakly bound 
myosin heads can be obtained in rabbit muscle fibers in the 
absence of Ca2+ at low temperature and low ionic strength 
(97, 98). Low temperature and high pCa ensure the absence 
of active tension, while the low ionic strength promotes 
binding of the heads to actin. The dependence of stiffness 
on the ionic strength indicates that the weak binding is 
presumably electrostatic. Instantaneous stiffness of muscle 
fibers in these conditions can be as high as 50% of its rigor 
value (97). The initial binding is believed to involve lysin 
rich loop 2 of CD of S1 and acid residues on the N-terminal 
of actin and probably on two other negatively charged spots 
formed by actin residues 24, 25 and 99, 100. Experiments 
with mutant proteins suggest that affinity of the weak actin-
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myosin bond depends on the number of charges, but not on 
the detailed sequence (168, 169). The data imply that the 
electrostatic binding is probably non-stereo-specific and 
does not include a ‘key and lock’ type of protein-protein 
interaction. Molecular dynamic calculation showed that S1 
loop 2 with positively charged residues is pointed away 
from the CD (170). This occurs due to electrostatic forces 
which pull charges away from the core of protein with low 
dielectric constant to solvent with high dielectric constant. 
The extended loop with positively charged residues acts as 
a feeler that senses negatively charged regions on actin and 
directs Brownian motion of the head toward them 
providing long range interaction and initial electrostatic 
binding. This involves forming of salt bridges and of 
probably hydrogen bonds between myosin loop 2. When 
the binding occurs the charged residues neutralize and the 
loop tends to collapse due to hydrophobic and van der 
Waals interactions. The bond that is formed after the 
collapse is non-stereo-specific as the particular set of the 
charged residues involved into interaction and the angle of 
attachment may vary significantly. On the other hand 
stiffness of such bond may be higher than stiffness of 
another region of a head, for example, bending stiffness of 
LCD. In thin case the total stiffness of a weakly and 
strongly bound head can be similar. 

 
Interpretation of the x-ray diffraction data on muscle is 

unavoidably based on mathematical modeling. The models 
are based on known high resolution structures of myosin 
head and actin. Using these structures as ‘brick’ a one-
dimensional (2, 6, 57, 58, 59, 60, 67) or three-dimensional 
(48, 61, 63, 78, 90) model can be built. Using the structural 
model the intensities of the x-ray reflections of interest are 
calculated. The majority of the models deal with only one 
or very few x-ray reflection. One-dimensional models 
which take into account only axial distribution of electron 
density are used for simulation of M3, sometimes M6 (57) 
and very occasionally higher order meridional reflections 
(59, 60). Space models which consider a thin filament with 
a set of myosin heads bound to it can simulate several 
meridional and layer line x-ray reflections (90, 61). More 
complicated model which takes into account three-
dimensional filament lattice in the A-band of sarcomeres 
can explain the myosin-based modulation of binding of 
myosin heads to actin and is able to describe the whole 2D 
diffraction pattern of muscle including crystal-like lattice 
sampling (63, 78). Each model is based on a number of 
assumptions and additional parameters which characterize 
changes in the shape of myosin heads and its mode of 
attachment to actin, pattern of binding of myosin heads to 
actin, dispersion of actin-bound heads from 14.5 nm 
myosin based repeat, extensibility of the thin and thick 
filaments etc. Three-dimensional models which describe 
not only meridional, but also layer line reflections have an 
advantage of 1D models as they can be verified more 
accurately using all available experimental information. 

 
The majority of models deal with a single ‘average’ 

crossbridge. It is assumed that the ‘average’ crossbridge is 
representative of the whole population, while the 
crossbridges may be distributed over different 
conformational states, strain, and deviation from myosin-

based repeat and differently react to applied perturbations. 
For a single meridional reflection, one-dimensional model 
that involves tilting of myosin head or of its lever arm is 
sufficient, although new interference data require additional 
assumptions (3, 6, 57, 120). Experimental measurements 
taken from a single reflection are limited by its spacing, 
intensity and sometimes the ratio of interference sub-peaks. 
A number of model parameters should not exceed the 
number of experimentally measured values. 

 
A complete description of the complex 3D 

machinery of actin-myosin interaction can be achieved only 
using all information from the x-ray diffraction pattern that 
can be obtained using up to date radiation sources and 
modern detectors and 3D models of structural changes 
underlying mechanical function of the motor. 
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