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ABSTRACT A direct modeling approach was used to quantitatively interpret the two-dimensional x-ray diffraction patterns
obtained from contracting mammalian skeletal muscle. The dependence of the calculated layer line intensities on the number of
myosin heads bound to the thin filaments, on the conformation of theseheadsandon theirmodeof attachment to actin, was studied
systematically. Results of modeling are compared to experimental data collected from permeabilized fibers from rabbit skeletal
muscle contracting at 5�Cand 30�Cand developing low and high isometric tension, respectively. The results of themodeling show
that: i), the intensity of the first actin layer line is independent of the tilt of the light chain domains ofmyosin headsand canbeusedas
ameasure of the fraction ofmyosin heads stereospecifically attached to actin; ii), during isometric contraction at near physiological
temperature, the fraction of these heads is;40% and the light chain domains of themajority of them aremore perpendicular to the
filament axis than in rigor; and iii), at low temperature, when isometric tension is low, a majority of the attached myosin heads are
bound to actin nonstereospecifically whereas at high temperature and tension they are bound stereospecifically.

INTRODUCTION

Lowangle x-ray diffraction is awell-established and powerful

tool for studying the structural changes responsible formuscle

contraction (1). The spatial (2) and time (3) resolution of this

method is better than for any other structural method used

to investigate the structure-function relationship of actin-

myosin interactions in contracting muscles. However, the

quantitative interpretation of the x-ray diffraction data from

muscle requires appropriatemathematicalmodels. Allmodels

are based on the known structures of the actin and myosin

filaments and consider changes in the structure of the myosin

molecule, particularly in the globular region of the molecule,

the myosin head (also called subfragment 1, or S1), which

binds to actin and which is the site of ATPase activity. Until

recently, such models dealt with only one or a few x-ray re-

flections (2–8) and were not designed for the quantitative

explanation of the whole diffraction pattern from contracting

muscle, although several articles successfully explained the

diffraction pattern of relaxed muscle where myosin heads do

not interact with actin (9–13). Gu and colleagues (14) suc-

cessfully modeled a set of actin and myosin layer lines in

experiments where only weakly bound acto-myosin�ATP
complexes are formed.Modeling of a set of actin,myosin, and

actin-myosin layer lines was carried out by Yagi et al. (15,16)

for simulation of structural responses to step length changes in

contracting muscle.

A few years ago, a direct modeling approach was proposed

for simulation of the whole two-dimensional (2D) x-ray dif-

fraction pattern from skeletalmuscle in rigorwhere allmyosin

heads are bound to actin. The approach makes use of a high-

resolution model of the acto-S1 rigor complex (17) as well as

parameters that define the actin labeling pattern by myosin

heads and filament disorder in sarcomeres. The resulting

model was tested against experimental data and provided a

good fit without recourse to local or global optimization of

model parameters (18).

Here we extend this approach to the diffraction patterns of

contracting muscle. The quantitative interpretation of the

active pattern is more difficult than for the rigor pattern. In

contracting muscle, the estimates of the fraction of myosin

heads stereospecifically bound to actin range from 5% (19) up

to 75% (6). Little is known about the structure of the actin-S1

complex during contraction. Also, the shape of myosin head

changes upon binding of nucleotide and ATP hydrolysis so

that the ‘‘neck’’, or the light chain domain (LCD, also called

‘‘lever arm’’), of the head tilts by several tens of degrees with

respect to the catalytic domain (CD), probably resulting in an

axial movement of the interdigitating filaments (20,21). In

contracting muscle, a mixture of myosin heads with different

tilt of the lever arm is expected, but the distribution of the

heads among different conformational states is unknown.

Besides, some myosin heads in contracting muscle are at-

tached to actin nonstereospecifically (22–27). We shall use

the term stereospecific binding of a myosin head to actin to

mean that the CD has a fixed, rigid position on the actin site it

is bound to. Nonstereospecific attachment means that the CD

of bound myosin heads may take up different axial or azi-

muthal angles with respect to actin. Nevertheless, these at-

tached heads contribute to the observed fiber stiffness. Direct

inspection of electron microscopy tomograms revealed such

nonstereospecific heads in contracting insect flight muscles
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(28). The model should account for the effect of the lever arm

tilting and should account for the contribution of stereo- and

nonstereospecifically attached heads as well as of actin and

regulatory proteins of the thin filaments, troponin and tropo-

myosin, to the intensities of different x-ray reflections. We

performed systematic calculations of the diffraction pattern of

muscle as a function of the number of myosin heads bound to

actin, the configuration of the heads, and of the azimuthal and

axial angles of their attachment. The model calculations were

compared to diffraction patterns collected from single fibers

or bundles of three permeabilized fibers from fast rabbit

muscle at the plateau of isometric contraction before and after

temperature jumps (T-jumps) from 5�C to 30�C.
The aim of the work was to develop a quantitative un-

derstanding of the influence of different model parameters on

the diffraction pattern and to determine robust features of the

pattern that can be unambiguously interpreted in terms of the

behavior of myosin heads in contracting muscle.

MATERIALS AND METHODS

Experimental data

Bundles of muscle fibers were dissected from psoas muscle of rabbit killed

by pentobarbitone intravenous overdose and neck dislocation. After per-

meabilization, single fibers or bundles of three fibers were dissected and

mounted in the setup described by Bershitsky et al. (29). Before activating,

the fibers or bundles were partially cross-linked with 10 mM 1-ethyl-3-

[3-dimethylamino)propyl]-carbodiimide (EDC) at 15�C for 5–6 min to pre-

serve their structural andmechanical stability (27). Contraction was activated

by bathing the fiber or bundle in the following solution: (in mM) 100

3-[N-morpholino]-propanesulfonic acid, 5 MgATP, 10 CaEGTA, 20 phos-

phocreatine, 200 units/ml creatine phosphokinase, 10 mM dithiothreitol (all

chemicals from Sigma-Aldrich, St. Louis, MO), with an ionic strength of

0.15 M, pH 7.1 at 20�C. T-jumps from ;5�C to ;30�C (range 27.5–32�C)
were produced by passing a 1 ms-long alternating current pulse (30 kHz,

2 kV) along the length of the muscle bundle while it was suspended in a wet,

cold atmosphere within the experimental trough (30).

The experiments were carried out at the European Synchrotron Radiation

Facility (ID02 station, ESRF, Grenoble, France) at a wavelength of 0.0995

nm, using FReLoN 2D charge-coupled device detectors. In one set of ex-

periments where x-ray diffraction patterns were collected before and after the

T-jumps from ;5�C to ;30�C, the sample-to-detector distance was 2.4 m.

The detector operated in a 1024 3 1024 pixel mode and the x-ray beam

dimensions at the sample were 400 mm horizontally and 250 mm vertically

(full width at half-maximum). In another set of experiments where the dif-

fraction patterns collected from several segments of a long single muscle

fiber in the relaxed state, in rigor, and during isometric contraction at 28–

30�Cwere compared, the camera length was 2.5 m, the detector operated in a

10243 256 pixel mode, and the full width at half-maximum beam size was

250 3 250 mm, along and across the sample. Segments of a single fiber or

bundles of three permeabilized fibers (bundle diameter 120–150 mm) were

mounted at a sarcomere length of 2.4 mm between a force transducer and a

motor. In the first set of experiments, two 5ms long time frames at the plateau

of contraction at 5�C and 30�C were taken and used for analysis. Tension

developed by a bundle increased by a factor of 3.16 0.4 after the T-jump. In

the second set of experiments, x-ray diffraction patterns were collected from

three segments of one single muscle fiber (diameter 100 mm) in the relaxed

state, in rigor, or after EDC cross-linking during steady-state post-T-jump

contraction at 30�C during 100 ms long time frames.

The x-ray exposure of each bundle before and after each T-jump was the

same, so that data obtained from all runs of the experimental protocol in five

different bundles before and after the T-jumps were added together after

background subtraction, flat field correction, and averaging over four sym-

metric quadrants without any further normalization. In another set of exper-

iments with single muscle fiber segments, the data collected in each state

(relaxed, rigor, or high-temperature isometric contraction) were added to-

gether and then normalized for exposure in each state. As the fiber diameter

was uniform and the x-ray beam at ESRF was quite stable, no further nor-

malization was made.

Diffraction data were analyzed using bsl (CCP13 suite) and BS (written

by Natalia Koubassova, available at http://muscle.imec.msu.ru/bs_1.htm)

software as described (29). The layer line intensities were extracted from the

patterns as described by Koubassova and Tsaturyan (18).

When experimental data were compared to calculated diffraction inten-

sities, a scaling parameter l minimizing the R-factor was used. The R-factor

was calculated as follows.

ÆR2æ ¼ +ðIE � lICÞ2=+ðlICÞ2;
where IE and IC are the experimental and calculated intensities of the most

bright layer lines TN11A1,M3,M6¼A5, A6. TheR-factor and the scaling

factor l were determined for either a pair of diffraction patterns (one

experimental and one calculated) or for two pairs of diffraction patterns (two

experimental and two calculated). In the last case, both experimental patterns

were collected from the same specimens and scaled for time of x-ray

exposure. The summation in this case wasmade over diffraction intensities in

both pairs of patterns. The simultaneous fit of two diffraction patterns was

performed for either active and rigor patterns collected from one single fiber

(see Fig. 3) or for patterns collected from several bundles of contracting fibers

at low and high temperature in two time windows of the same duration before

and after the T-jumps (see Fig. 8).

Modeling

The structure of the A-band used in our model is described as follows. A

500.5 nm-long superlattice unit cell consists of three myosin filaments and

six actin filaments. All actin filaments have the same orientation, whereas

the central and peripheral myosin filaments in a unit cell have different or-

ientation producing a superlattice (Fig. 1, inset). Actin filaments were con-

sidered as left-handed 136 helices and myosin filaments were modeled as

right-handed three-stranded helices with successive crowns of myosin heads

rotated by 120� (31,32). The axial distance between neighbor actin mono-

mers is 2.75 nm; the pitch of the actin helix is 35.75 nm; the pitch of the

myosin helix is 42.9 nm with 14.3 nm axial distance between myosin

backbone origins of crowns of myosin heads. Troponin molecules were

assumed to be bound to every seventh actin monomer in each of two strands

of the actin pseudotwofold helix. Tropomyosin had the same 38.5 nm axial

repeat as troponin. The repeat is equal to the height of 14 actin monomers. To

account for the observed difference in spacing of the actin and troponin x-ray

reflections, the pitch of the actin helix in the model was shorter than the

troponin-tropomyosin repeat.

The thin and thick filaments were considered to be rigid, i.e., inextensible,

unbendable, and untwistable. The only types of lattice disorder considered

were transverse and axial disorders of the thin filaments whereas the axes of

the filaments remained parallel to the fiber axis. As the conformation and

distribution of the detached heads are uncertain and their contribution to the

x-ray diffraction pattern is significant for myosin reflections, but not for actin

layer lines, we did not consider their contribution to the diffraction pattern in

this work. Any contribution to the layer line intensities from C-protein, titin,

and other sarcomere proteins was neglected.

High resolution structures of actin and of the myosin heads were taken

from Holmes et al. (17). Tropomyosin and troponin structures were taken

from the recent model of Pirani et al. (33). Tropomyosin was azimuthally

rotated from its ‘‘blocked’’ state by –25�, to the position found to be char-

acteristic for actively contracting muscle (33,34). The rotation angle was

assumed to be the same during active contraction at low and high temperature

and in rigor. In the current model, attached myosin heads were in either the
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stereospecifically, S, or nonstereospecifically, N, bound state. CDs of the

stereospecifically bound heads were fixed on the actin filament, whereas the

LCDs were allowed to tilt axially and azimuthally with respect to the CD

(Fig. 1). The preforce-generating configuration of the myosin head was

modeled by a 50� axial tilt of the LCDwith respect to the CD to a state nearly

perpendicular to the filament axis. Nonstereospecifically attached heads were

allowed to bind actin at different angles, whereas the position of LCD with

respect to CD was fixed. For these heads, we assumed uniform random

distribution of attachment angles in axial and azimuthal planes within certain

limits, 6Cax and 6Caz, respectively (Fig. 1). The structures of non-

stereospecifically attached actin-S1 complexes were obtained by rolling S1 on

the surface of actin filament with respect to a point inside actin subdomain 1.

The actin labeling pattern in a unit cell was determined using the principle

of minimal elastic distortion energy (18). According to this principle, a

myosin head binds the actin monomer on one of the six surrounding thin

filaments for which the elastic distortion energy, E ¼ ðkrr2 1 kzz
2Þ=2; is the

lowest. The energy E is associated with the binding. It is determined by axial,

z, and transverse, r, displacements of the head-tail (S1-S2) junction of a

myosin head from its ‘‘resting’’ position on the backbone of the thick fila-

ment and by axial and transverse stiffness, kz, kr. If the stiffness ratio e¼ kr/kz
of an attached myosin head and the fraction f of these heads are specified, the

labeling pattern of the unit cell is determined uniquely by an iterative pro-

cedure. Firstly, ‘‘the best’’ actin monomer and the elastic distortion energy

associated with the binding to this monomer are calculated for each of 630

myosin heads in the unit cell. The actin monomers to which troponin mol-

ecules are bound were considered as ‘‘occupied’’ and not eligible for the

head binding. Then the bound heads are sorted in ascending order of elastic

energy and the 6303 f best of them bind actin monomers. In the case when

two or more myosin heads are conflicting for one actin monomer, the head

with the smaller energy binds it. Then the procedure is repeated for the re-

maining myosin heads and actin monomers until the number of attached

heads reaches f 3 630.

During contraction, tension induces significant filament disorder so that

the crystal-like lattice sampling observed in rigor muscle largely disappears

and the remaining sampling can adequately be accounted for by consider-

ation of a single superlattice unit cell. Two disorder parameters, DrA, DzA,

describe the root mean-squared transverse and axial disorder of the actin and

myosin filaments in a unit cell. Parameters of transverse and axial disorder of

the second kind, DrT, DzT, were used to describe disturbance of the actin-

myosin lattice in rigor. The loss of crystallinity during active contraction was

simulated by infinitely high DrT and DzT. Calculations of the layer line

intensities were carried out as described previously (Appendix A, (18)).

Attached myosin heads contribute to the thin filament Fourier transforms FA
il ;

where l is the number of the layer line and i is the number of the actin filament

in the unit cell (i ¼ 1, . . . , 6).

Fourier transforms of the thin filaments without myosin heads were cal-

culated using high-resolution structures of troponin, tropomyosin, and actin

(Fig. 1) for each of six filaments using a detailed model where each residue

was a scattering center. The transformswere stored in tables and added to FA
il ;

where lwas a multiple of 13 or 14. The atomic model of the myosin head was

substituted by a low-resolution model consisting of 145 spheres of 1 nm

radius each (Fig. 1). The scattering power of each sphere was proportional to

the total number of electrons in the atoms lying within the sphere. The distal

parts of bound myosin heads were allowed to bend toward their origin on the

surface of the thick filament (18). The displacement of the C-terminus of S1

was limited by a certain value dmax.

The intensity Il of the layer lines produced by a superlattice unit cell was

calculated as the azimuthally averaged square of the Fourier transform taking

into account disorder of the filaments:

Il ¼ +
6

i¼1

����F
A

il

����

2

1 expð�2BAÞ+
i6¼j

ðFA

il ðFA

jl Þ�Þ;

where * denotes complex conjugate andBA is the ‘‘thermal’’ factor describing

the deviation of thin filaments from their ideal position in the unit cell (35):

BA ¼ 2p
2ðR2

Dr
2

A 1 ðl=cÞ2Dz2AÞ:
The effect of model parameters on the calculated x-ray intensities was

studied. The values providing a better fit to the data were chosen as follows.

The stiffness ratio parameter, e, determines the ratio of the total intensities of

the A1, M3, and actin-myosin beating layer lines, AM�1, AM11. The best e

values were found to be 0.25 for rigor and 0.5 for the diffraction patterns of

contracting muscle. The orientation of myosin heads during isometric

contraction was also varied to better describe the shape of the A1 and A6

actin layer lines. A 10� azimuthal tilt with respect to the rigor orientation was

found to improve the A6 shape. A global search of the parameters describing

lattice disorder and the fraction of myosin heads stereospecifically bound to

actin during isometric contraction was performed to fit both rigor and active

patterns simultaneously.

RESULTS

Experimental diffraction patterns

Two-dimensional low angle x-ray diffraction patterns col-

lected from a single permeabilized muscle fiber in three dif-

ferent physiological states—relaxed, rigor, and during active

contraction at 30�C—are shown in Fig. 2 A. Meridional in-

FIGURE 1 Arrangement of a unit cell used in themodel. A segment of thin

filament, including actin monomers, tropomyosin strand, TM, and 2 troponin

molecules, TN, with a stereospecifically attached myosin head, S1. The head

is in the so-called active configuration with its light chain domain LCD tilted

by 50� axially toward theM-line compared to rigor conformation (17), Z-line

toward the bottom of the figure. Nonstereospecifically attachedmyosin heads

can bind actin at various angles in the planes perpendicular (azimuthal plane)

and parallel (axial plane) to the filament axis. Axial and azimuthal attachment

angles of these heads are assumed to be uniformly distributed within ranges

6Cax and 6Caz, respectively. (Inset) hexagonal unit cell in the projection

perpendicular to the filament axis. Actin filaments are shown as small circles,

all in the same orientation. The orientation of the myosin filaments is

indicated by the positions of the origins of the myosin heads (short thick

lines).
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tensity profiles obtained by radial integration of these three

diffraction patterns are plotted in Fig. 2, B–D. Integration was
performed in three off-meridional radial ranges: 1,0 row line

(B, 0.025–0.043 nm�1); 1,1 plus 2,0 row lines (C, 0.043–
0.061 nm�1); and a region that contains the 2,1, 3,0, 2,2, and

3,1 row lines (D, 0.061–0.1 nm�1).

During isometric contraction and especially in rigor, the

intensities of all actin layer lines increased compared to the

pattern in relaxed muscle. The increase in the intensities of

the actin layer lines results from an increase in electron

density of the actin helix due to the myosin heads bound to

actin. The first actin layer line, A1, has a spacing of (;36.4

nm)�1 in rigor that shifts to (;36.9 nm)�1 during high-

temperature isometric contraction. In both these states, A1

remains clearly separated from the neighboring myosin layer

line M1 at (;43 nm)�1. Only at a high reciprocal radii higher

than 0.06 nm�1, the M1 and A1 layer lines overlap (Fig. 2D)
due to ‘‘arching’’ caused by imperfect alignment of the thin

and thick filaments.

At a reciprocal radii of 0.025–0.06 nm�1, the A1 intensity

in relaxed fiber was negligible compared to its value during

active isometric contraction at near physiological tempera-

ture and especially compared to rigor where A1 is maximal

(Fig. 2, B and C). The total A1 intensity integrated in this

radial range in relaxed fiber was less than 5% of that during

active contraction. At a higher reciprocal radii of 0.06–0.1

nm�1, the A1 intensity in the relaxed state was more sub-

stantial, but still much lower than that in contracting muscle

(Fig. 2 D). During contraction at near physiological tem-

perature, the contribution of the thin filaments themselves to

the total integrated A1 intensity is negligible compared to that

of bound myosin heads, especially if a narrow integration

range of 0.025–0.06 nm�1 is used.

The meridional troponin meridional reflections TN1, TN2,

and TN3 have spacings close to a multiple of (;38.5 nm)�1

in all three physiological states. The intensities of the tro-

ponin reflections do not change much when myosin heads

bind actin in rigor or during active contraction (Fig. 2 A). The
presence of the (38.5 nm)�1 troponin reflection gives an

x-shape to the A1 layer line in rigor and during isometric

contraction (Fig. 2 A). The second actin layer line, A2, at

;(18.2 nm)�1 in rigor is separated from the second troponin

meridional reflection, TN2, at ;(19.2 nm)�1 (Fig. 2, A and

B). These data show that the crossover period of the actin

helix that controls the spacing of the A1 and A2 layer lines is

somewhat shorter than the axial distance between consequent

troponin molecules bound to every 7th monomer on each

pseudotwofold strand of the actin helix. For this reason, we

modeled the actin filament as a 136 left-handed rather than a

2813 helix where the troponin-tropomyosin and actin axial

periods are the same.

The meridional M3 myosin reflection was weak in the low

temperature relaxed state, a characteristic of such patterns for

mammalian muscles. In rigor and especially during active

contraction, theM3 intensity increased. Its radialwidth during

active contractionwas higher than in the relaxed or rigor state,

indicating an increase in axial disorder of the second kind of

the myosin filaments (35,36). The intensity of the M6myosin

meridional reflection was low in relaxed muscle fiber and

became brighter in rigor and especially during active con-

traction (Fig. 2 A), showing a significant contribution of at-

tached myosin heads to its intensity.

FIGURE 2 (A) X-ray diffraction patterns obtained from three segments of a single muscle fiber in the relaxed state (upper left quadrant), in rigor (upper right

quadrant), and during active contraction at ;30�C (both lower quadrants). The intensity of each pattern was scaled for fiber exposure in each state (300 ms,

700 ms, and 1200 ms, for relaxed, rigor, and active states, respectively) and symmetrically averaged; higher intensity is white, lower intensity is black. The

equator is vertical and the meridian is horizontal. A vertical metal strip in front of the detector attenuates the equatorial reflections ;10-fold and prevents

saturation of the detector; the inner part of the patterns at the meridional spacing of,0.087 nm�1 was attenuated by a factor of 3 to visualize strong and weak

reflections on one diagram; meridional and layer line reflections mentioned in the text are labeled. (B–D) Meridional profiles of the off- meridional intensity for

the same three diffraction patterns as in A in the regions of radial integration of 0.025–0.043 nm�1 (1,0 row line), 0.043–0.061 nm�1 (1,1 and 2,0 row lines),

and 0.061–0.1 nm�1 (2,1, 3,0, 2,2, and 3,1 row lines), respectively; background subtracted. Gray dotted, black, and gray solid lines correspond to relaxed, rigor,

and active states, respectively; the position of some layer lines is labeled in B.
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Myosin off-meridional layer lines became slightly weaker

when relaxed muscle fibers went into rigor or developed

active tension. However, Fig. 2 A shows that some myosin

reflections, especially the so-called forbidden meridional re-

flections M1 and M2, remained quite bright in rigor where all

myosin heads are believed to be strongly bound to actin.

During active contraction, the meridional M1 and M2 inten-

sities became much weaker than in the relaxed or rigor states.

The beating actin-myosin layer lines AM�1 at;(24 nm)�1

and AM11 at ;(10.3 nm)�1 arise from the ;14.5 nm mod-

ulating caused by the binding of myosin heads to actin and

specifically originate from myosin heads bound to actin

(37,38,18). In rigor, the AM�1 intensity is very high. During

high-temperature isometric contraction, AM�1 is seen as a

low-angle shoulder on the cluster of reflections between

0.04 nm�1 and 0.056 nm�1 that also contains M2, TN2, and

A2 (Fig. 2B). Like theAM�1 layer line, AM11 is absent in the

relaxed muscle, but is clearly seen in rigor and during active

contraction (Fig. 2, A–C). In our patterns, AM11 is separated

from the neighboring myosin layer line M4 at;(10.9 nm)�1.

The AM11 intensity during active contraction is close to that

in rigor (Fig. 2,A–C), although not more than a half of myosin

heads are bound to actin in contracting muscle (39).

Comparison of calculated and observed
diffraction patterns

The intensity profiles of some layer lines in two calculated

diffraction patterns are shown in Fig. 3 together with the

experimental data of Fig. 2. The binding patterns of myosin

heads on the actin filaments for rigor and actively contracting

muscle were calculated with the stiffness ratio parameter e¼
0.25 and e ¼ 0.5, respectively, as described in Materials and

Methods. The pattern for fibers in rigor was calculated as-

suming that all myosin heads are stereospecifically bound to

actin in the same configuration as that suggested by Holmes

et al. (17). The diffraction pattern for actively contracting

fibers was calculated assuming that 40% of myosin heads are

attached stereospecifically, f(S) ¼ 0.4, with their ‘‘neck’’

domains tilted by 50� with respect to the catalytic domains.

Additionally, the catalytic domain of the heads was tilted

azimuthally by �10� with respect to actin to improve the

shape of the calculated A6 and A7 actin layer lines (see be-

low). The necks were subject to elastic bending as described

in Materials and Methods. The remaining 60% of myosin

heads were assumed to be detached, and their contribution to

the layer line intensities was not taken into account.

Although as mentioned above (Fig. 2 A) the A1 layer line

and TN1 meridional reflection had different but close spac-

ings in the rigor and active diffraction patterns, we were

unable to separate them and draw two separate intensity

profiles. For this reason, we compared the experimentally

determined intensity of the combined TN1 1 A1 layer line

with the sum of calculated intensities of the 13th and 14th

layer lines (Fig. 3).

The model reproduces the main features of the experi-

mental patterns. In rigor, all actin-based layer lines, A1–A7,

and the beating actin-myosin layer lines AM11, AM�1, are

very intense, and the intensity of the myosin layer lines (except

the meridional M3 and M6 reflections) is low. In contracting

muscle, the intensities of the actin and of the actin-myosin layer

lines are significantly lower and those of themyosin layer lines

are somewhat higher than in rigor. Again there is a very bright

meridional reflection on the M3 layer line and a bright merid-

ional spot on M6 in both the calculated and experimental dif-

fraction patterns of contracting muscle.

The model quantitatively reproduces the relative values of

the total intensities of the brightest layer lines in rigor and

during isometric contraction and simulates reasonably well

the intensity distributions along these layer lines (Fig. 3). The

total ÆR2æ value for both patterns taken together was 9.9%,

whereas for the rigor and active patterns separately it was

8.9% and 11.9%, respectively. The scaling factor l was 0.56

for both patterns taken together, 0.59 for the rigor pattern

alone, and 0.53 for the active pattern alone.

The main discrepancies between the calculated and ob-

served patterns are as follows. The model underestimates the

observed M6 intensity compared to both experimental pat-

terns probably because a part of the M6 intensity originates

from some structures of the thick filaments, which are dif-

ferent from myosin heads (see Discussion). The calculated

A6 intensity is somewhat lower whereas that of A7 is

somewhat higher than their observed values in rigor and in

active diffraction patterns. The same discrepancy is seen for

relaxed diffraction patterns and those calculated for thin fil-

aments without bound myosin heads where the calculated

ratio of the total A7 and A6 intensities is 0.42 whereas the

experimentally observed value for this ratio in relaxedmuscle

fibers was only 0.23–0.25 (data not shown). The discrepancy

remains even when troponin and tropomyosin are excluded

from the model of the thin filaments. So the underestimation

of the A6 intensity and the overestimation of the A7 intensity

is a feature of the current F-actin model. Also, the calculated

M3 intensity profile is narrower than the experimental one,

probably because of the lack of contribution of detached

myosin heads to this reflection. These heads were not taken

into account in our calculations.

The effect of the configuration of
stereospecifically bound myosin heads
on the layer line intensities

The effect of the tilt of the light chain domains (or lever arms)

of myosin heads stereospecifically bound to actin on the

calculated intensities of some layer lines is shown in Fig. 4.

Myosin heads with their LCDs in the postpower stroke (rigor-

like) configurations or tilted by 30� or 50� to mimic a pre-

power stroke state were attached to actin according to the

principle of minimal elastic distortion energy. The actin

binding pattern of myosin heads to actin filaments was the
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FIGURE 3 Comparison of experi-

mental (solid lines) and calculated

(dashed lines) layer line intensities in

rigor (A) and during active contraction at

;30�C (B) for the same experimental

data set as in Fig. 2. Layer lines are

labeled on the corresponding panels.

Numbers in brackets show the indices

of the calculated layer lines in a 500.5 nm

long unit cell. As the patterns were col-

lected from a single muscle fiber and

normalized for the x-ray exposure in

each state, the intensities of different

reflections in rigor and during active

contraction can be compared quantita-

tively. Calculations were made for

the following parameter sets: (A) e ¼
0.25, f(S)¼1, dmax¼ 2 nm, DrA¼ 2 nm,

DzA¼ 2 nm, DrT¼ 3.5 nm,DzT¼ 6 nm,

Cax ¼ 0, Caz ¼ 0, rigor configuration;

(B) e ¼ 0.5, f(S) ¼ 0.4, dmax ¼ 4 nm,

DrA ¼ 3.5 nm, DzA ¼ 1.5 nm, Cax ¼ 0,

Caz ¼ -10�, prepower stroke configura-
tion. Gray lines show the calculated in-

tensities of actin layer lines in the relaxed

state, f(S) ¼ f(N) ¼ 0; no bound heads.

Both calculated diffraction patterns were

multiplied for the same scaling factorl¼
0.56 providing a minimal R-factor of

0.099.
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same for all three sets of calculations. The fraction of ste-

reospecifically bound heads was also the same, 40% (f(S) ¼
0.4) in all three cases.

The A1 intensity is insensitive to the lever arm tilt. Its total

intensity changed by ,5% for a 50� lever arm tilt from the

rigor-like conformation (Fig. 4). Similarly, the beating layer

line AM�1 did not change much upon tilting and its total

intensity remained almost constant despite the change in the

shape of stereospecifically attached heads.

In contrast, the M3 intensity was high when the LCDs of

the heads were approximately perpendicular to the filament

axis and decreased sharply when the lever arm moved toward

the Z-line of sarcomeres to a rigor configuration. The cal-

culatedM6 intensity is also quite sensitive to the lever arm tilt

(Fig. 4). The intensity distribution along the high order actin

and actin-myosin layer lines was found to be very sensitive to

the lever arm tilt. Specifically, the shape of the A6 and A7

actin layer lines and the position of the intensity peak on the

A5 actin layer line changed markedly when the LCD was

tilted by 30� or by 50� with respect to the rigor positions.

Interestingly, the total intensity of the AM11 layer line

changed upon tilting by a factor of 2. The position of its peak

also moved from 0.055 nm�1, characteristic for the rigor-like

conformation to 0.025–0.03 nm�1 in the preforce-generating

states (Fig. 4).

We also tested the effect of the azimuthal and axial rigid-

body rotation of the stereospecifically bound myosin heads

on the intensities of the brightest inner and outer actin layer

lines, A1 and A6, respectively (Fig. 5). Again the A1 inten-

sity was not sensitive to the angle of stereospecific binding of

S1 to actin, and its total integrated intensity did not change by

.7% upon 630� rotations in both directions.

The shape of the A6 layer line and its total intensity are

highly sensitive to rotation of the stereospecifically bound

myosin heads on the actin surface (Fig. 5). Azimuthal rota-

tion shifts the position of the intensity peak of this layer line.

As the position of the peak during isometric contraction re-

mains at the same reciprocal radius as in the relaxed state, a

�10–15� rotation of the heads allows one to improve the

model fit of the A6 intensity in contracting muscle. For this

FIGURE 4 Calculated dependence of the profiles of some bright layer lines on the axial tilt of the LCD of the stereospecifically attached myosin head. Layer

lines are labeled on the corresponding panels. Numbers in brackets show the indices of the layer lines in the 500.5 nm long unit cell. Dashed lines correspond to

the rigor-like configuration of the myosin head (black S1 in the bottom right panel), dotted lines correspond to the 30� axial tilt of LCD toward the M-line, solid

lines correspond to ‘‘active’’ configuration where the LCD is tilted by 50� axially toward the M-line (white S1 in bottom right panel) and gray lines are

calculated intensities of the actin layer lines without any bound heads. Calculations were made for the following parameter set: e ¼ 0.25, f(S) ¼ 0.4, dmax ¼ 0,

DrA ¼ 3 nm, DzA ¼ 4 nm, Cax ¼ 0, Caz ¼ 0, prepower stroke.
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reason, we tilted bound myosin heads by �10� for the cal-

culations presented in Figs. 3 and 8. The calculated A6 in-

tensity was dramatically affected by the axial tilt of CD. Even

a�10� rotation changed its total intensity by.25% (Fig. 5).

The effect of the number of stereospecifically
bound myosin heads on the layer line intensities

The dependence of the calculated total intensities of some

layer lines on the number of stereospecifically bound heads is

shown in Fig. 6. The total intensity of the first actin layer line,

IA1, is nearly proportional to the fraction of stereospecifically
bound heads, f(S), although somewhat lower than linear

function. As some contribution of regulatory proteins to A1

was found at higher reciprocal radii, we plotted the A1 in-

tensity integrated in the regions of 0.015–0.06 nm�1 and

0.015–0.1 nm�1 separately. No significant difference was

found between the two plots after their normalization for the

maximal intensity at f(S)¼ 1 (Fig. 6 A). As mentioned above,

theA1 intensity is insensitive to tilt of the LCDwith respect to

the CD or to the rotation of whole stereospecifically attached

myosin head about actin surface, so that the IA1 plot in Fig. 6A
remains the same for different configurations of the stereo-

specifically attached head considered in the model.

The dependence of the normalized M3 intensity on f(S) is
complex. It increases with f(S) while it is,0.5 and decreases at

higher f(S). The M3 intensity strongly depends on axial fila-

ment disorder. The normalized intensity of the M6 meridional

reflection and those of the AM�1 andAM11 beating layer lines

also reachedmaxima at intermediate f(S). This is not surprising,
as the beating layer lines arise from a 14.5 nm myosin-based

axial modulation of the actin binding pattern by myosin heads.

When the most ‘‘convenient’’ actin sites that correspond to the

14.5 nm repeat are already occupied by bound myosin heads,

the next head is forced to bind to a less ‘‘convenient’’ actin site

and the modulation becomes less pronounced.

FIGURE 5 Calculated dependence of the pro-

files of A1 and A6 layer lines on the azimuthal

(A and B) and axial (C and D) tilt of the ste-

reospecifically attached myosin head. Insets on

the panels show the configuration of stereospe-

cifically attached head used for calculations that

correspond to the drawn lines. Caz ¼ 0�, Cax ¼
0� (solid lines) correspond to the active or

prepower stroke configuration where the LCD

is tilted by 50� axially toward the M-line from

the rigor-like configuration of S1. Insets on A
and C panels show the directions of rotation in

two planes: the actin axis is perpendicular to the

plane of the figure in A and vertical in C with the

Z-line toward the bottom of the figure. TM (dark
gray) in A indicates the position of tropomyosin.

The whole S1 was rotated azimuthally or axially

by rolling on the actin surface, by maintaining

the binding end of S1 on the rigor-binding sur-

face of actin as much as possible. Gray lines are

calculated intensities of actin layer lines without

bound heads. Calculations were made for the

following parameter set: e ¼ 0.25, f(S) ¼ 0.4,

dmax ¼ 0, DrA ¼ 3 nm, DzA ¼ 4 nm.

FIGURE 6 Calculated dependence of the intensities of

the brightest actin and myosin layer lines on the fraction of

stereospecifically attached heads, f(S). (A) Intensities of the

first actin layer line A1 (thick and thin solid lines), off-

meridional A5 (dashed), A6 (dotted), and A7 (dash-dotted)
actin layer lines. (B) The intensities of M3 (solid lines),

AM�1 (dash-dot-dot), M6 (dashed) and AM11 (dash-dotted)

layer lines. Two regions of integration are shown for A1

in A: long (0.014 nm�1; 0.1 nm�1), thick line, and short

(0.014 nm�1; 0.6 nm�1), thin line. The latter interval was

used in experimental data analysis to minimize the contribu-

tions of actin, troponin, and tropomyosin. All intensities are

shown normalized for their values at f(S) ¼ 1. The other

model parameters, except f(S), were the same as in Fig 3 B.
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The intensities of the high order actin layer linesA5,A6, and

A7 increase with f(S) in different ways. The off-meridional

intensity of the A5 actin layer line above the background level

increases nearly proportionally to the square of the fraction of

stereospecifically bound heads. In rigor, f(S)¼ 1, the A6 and

A7 intensities increase by a factor of;2 above their level in the

relaxed state, f(S) ¼ 0. The increase with f(S) approximately

follows a square law forA6anda linear relationship forA7 (Fig.

6). It should bementioned that theA5,A6, andA7,AM11 layer

lines are very sensitive to tilt of the LCD, attachment angles of

thehead, and to the amount of bending of theLCD, i.e., ondmax.

For this reason, the plots describing the dependence of the

normalized integrated intensities of these layer lines on f(S)
change upon change in each of these parameters andmay differ

substantially from those shown in Fig. 6, A and B.

Diffraction by nonstereospecifically
bound myosin heads

We simulated the nonstereospecific attachment of myosin

heads to actin by random assignment of azimuthal and axial

angles of attachment of a myosin head to an actin monomer

within the limits 6Caz and 6Cax. The dependence of the

calculated intensities of some layer lines on the limits of the

attachment angles is shown in Fig. 7. The calculated A1 in-

tensity is not very sensitive to axial disorder, but decreases

sharply with increasing azimuthal disorder. WhenCaz reaches

60–70�, IA1 drops to ;0.3 of its value for stereospecific

binding although the same 40% fraction of myosin heads

remains bound to actin. An even stronger dependence on

azimuthal disorder was found for the calculated off-meridional

intensity of the fifth actin layer line A5 (Fig. 7 A). Less sen-
sitivity to Caz was found for A6 and A7. On the other hand,

a more pronounced decrease in the intensities of A6 and A7

was found when the axial angle of the head attachment Cax

was varied (Fig. 7 B). Axial disorder leads to a sharp decrease
in the calculated intensity of the M3 and M6 myosin me-

ridional reflections and of the off-meridional A5 intensity and

to a smaller extent in the A1 intensity.

Modeling the effect of temperature

Increasing the temperature of contracting rabbit muscle fibers

from ;5�C to ;30�C leads to an ;3-fold increase in iso-

metric tension. As the tension rise occurs without changes in

instantaneous stiffness (40,30), it was proposed that the in-

crease in temperature is accompanied by a transition of non-

stereospecifically bound myosin heads to a stereospecifically

bound state (24,27). To check the consistency of this assump-

tion, we compared 2D x-ray diffraction patterns collected from

the same muscle fibers during isometric contraction at;5�C
and ;30�C with diffraction patterns calculated according to

our model. The high temperature pattern was calculated with

f(S) ¼ 0.4, f(N) ¼ 0. The low temperature diffraction pat-

tern was simulated by themodel with f(S)¼ 0.13, f(N)¼ 0.27,

Caz ¼ 60�, and Cax ¼ 0�, i.e., the effect of temperature was

simulated by assuming that 40% ofmyosin heads are attached

to actin at both temperatures, but all attached heads are bound

to actin stereospecifically at the higher temperature, and only

one-third of them are bound stereospecifically at the lower

temperature. The results of calculations of the intensities of

some layer lines are shown in Fig. 8. The model reproduces

many features of the experimental diffraction patterns at both

high and low temperature. Specifically, the calculated inten-

sity profiles of theA1,M3, andA7 layer lines are similar to the

experimental ones. The experimental A6 intensity is some-

what higher and those of the AM�1, AM11 layer lines are

lower than the calculated intensities, although the intensity

distributions along the layer lines were very similar. The

spatial resolution of the T-jump experiments was lower than

that in the experiments shown in Figs. 2 and 3. For this reason

we were unable to separate the M4meridional reflection from

the AM11 beating layer line, which are shown together in the

bottom panel of Fig. 8.

DISCUSSION

Modeling is used here to simulate observed experimental

diffraction patterns and also to investigate systematically the

FIGURE 7 Characteristics of nonstereospecific binding.

Calculated changes in the intensities of some layer lines on

the width of the distribution of the attached, nonstereospe-

cifically bound heads in azimuthal (A) and axial (B) planes.
f(N) ¼ 0.4. A1, solid thick line; M3, dashed line; A5, solid

thin line; A6, dotted line; and A7, dash-dotted line. Calcu-

lated intensity values are averaged for five runs (with differ-

ent random choice of the attachment angles) and normalized

for their values in the case of stereospecific binding (Caz ¼
Cax ¼ 0).
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effect of changes in model parameters on the features of the

diffraction pattern, thus providing useful insight into the or-

igin and behavior of the main x-ray reflections.

Model quality

A direct modeling approach previously tested by the quanti-

tative description of x-ray diffraction on muscle fibers in the

rigor state is expanded here to diffraction by contracting

muscles. The approach is based on the available high reso-

lution structures of actin, troponin, and tropomyosin and of

the myosin head on physically plausible parameterization of

the actin-myosin binding pattern (18). The model reasonably

well reproduces the 2D diffraction pattern of isometrically

contracting mammalian muscle fibers (Figs. 3 and 8). Two

parameters in themodel, the fraction of bound heads, f, and the
stiffness ratio, e, fully determine the binding patterns ofmyosin

heads to actin monomers in a superlattice unit cell in the

FIGURE 8 Calculated (dashed lines) and observed (solid
lines) intensities of some layer lines during isometric

contraction at ;5�C (A) and ;30�C (B). Data from 90

temperature jumps in experiments with five bundles of three

muscle fibers performed as described (27), the total expo-

sure at each temperature 450 ms. Meridional part on AM�1

layer line on experimental data is labeled M4 as the quality

of this data set did not allow resolving them. All calculated

intensities were scaled by the same factor. Layer lines are

labeled. Model parameters in A: e¼ 0.5, f(S)¼ 0.13, f(N)¼
0.27 (Caz¼ 60�,Cax¼ 0); DrA¼ 3.5 nm, DzA¼ 1.5 nm; in

B parameters are the same as in Fig. 3 B.
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overlap region of a sarcomere. Parameter e controls the trade-
off between axial and azimuthal mismatch when a myosin

head binds to the most ‘‘convenient’’ actin monomer.

The actin binding pattern calculated using the principle of

minimal elastic distortion energy has two types of myosin-

based modulation (18). Apart from the well-known ;14.3

nm, or M3, modulation (41,37,15,16), there is also a strong

;7.2 nm, or M6, modulation that determines the relatively

high intensity of meridional M6 myosin reflection in the

diffraction pattern of rigor and actively contracting muscle

(Fig. 2; (18,38)). The ;14.3 nm axial distance between

neighboring crowns of myosin heads produces the main M3

repeat of the binding of myosin heads to actin. The second,

;7.2 nm, harmonic of this repeat should be present in the

binding pattern. The dispersion of the binding sites is quite

high due to the;5.5 nm distance between neighboring actin

monomers commensurable with the 14.3 nm myosin repeat.

For this reason, the M6 harmonic in any one-dimensional

model of actin labeling by bound myosin heads is low.

Our model and the principle of minimal elastic distortion

account for the three-dimensional (3D) structure of the actin-

myosin lattice and explain the high degree of the M6 mod-

ulation. The lower is e the higher is the 14.3 nm modulation

and the lower is the 7.2 nmmodulation. For high e values, this
modulation can be even more pronounced than M3 (18). The

M3modulation produces the actin-myosin beating layer lines

at (;24 nm)�1 and (;10.4 nm)�1, AM11 and AM�1, re-

spectively (Fig. 2; (37,38,18)). The M6 modulation is re-

sponsible for the meridional reflection at ;7.2 nm and also

contributes to the off-meridional intensity on the A1, A6, and

A7 actin layer lines (38,18). In our calculations, the model

parameters e ¼ 0.25 for rigor and e ¼ 0.5 for active con-

traction were chosen to match the observed M3, M6, AM11,

and AM-1 intensities. The choice is not unique as the me-

ridional intensities depend not only on e, but also on axial

disorder of the actin and myosin filaments, and have a con-

tribution from the detached heads. Although some structures

of the thick filaments different from bound myosin heads

probably contribute to theM6 intensity (8), high sensitivity of

the M6 intensity to changes in muscle length (8) is evidence

of a substantial head contribution to this intensity. Therefore

the binding of myosin heads to actin has a strong modulation

with a ;7.2 nm repeat that is accounted for by our model.

Although our model reproduces the main features of the

observed 2D x-ray diffraction pattern of muscle fibers con-

tracting at;30�C, the intensity of some calculated layer lines

differs from their experimental values. The observed A6 in-

tensity is substantially higher than the calculated one (Figs. 3

and 8) whereas that of A7 is either overestimated (Fig. 3) or

fitted reasonably well. We suggest that the main reason for

this is the quality of the existing models of the thin filament

structure, which overestimates the observed ratio of 0.23–

0.25 for the total integral A7 and A6 intensities in relaxed

muscle fibers. Our model does not reproduce the ‘‘forbid-

den’’ M1 and M2 myosin meridional reflections, which are

quite bright in rigor and relaxed patterns and are much less

intense during active contractions (Fig. 2). These reflections

probably originate from breaking the threefold symmetry of

the thick filaments due to the presence of C-protein (9), which

is not taken into account in our model.

The radial width of the M3 myosin meridional reflection is

underestimated by the current model (Figs. 3 and 8) although

a minimal degree of crystallinity of the actin-myosin filament

lattice (single superlattice unit cell) was used for modeling

diffraction from actively contracting muscle. Calculations

taking into account the contribution of detached myosin

heads to the M3 intensity provide a better fit to the M3 re-

flection (data not shown). However, we decided to omit any

contribution of the detached myosin heads to the diffraction

pattern as one needs too many additional unknown parame-

ters to describe their structural properties.

In the model suggested by Yagi et al. (15,16), the actin

binding pattern was modeled by a random labeling of myosin

heads along actin filament with a 14.5 nm modulation. This

model simulated the intensities of the A1, M3, and AM11

layer lines and was the first to point out the dependence of the

AM11 intensity on the axial tilt of LCD of attached myosin

heads. The actin binding pattern was defined by two pa-

rameters. One of these, the binding probability, has the same

meaning as the fraction of attached myosin heads, f, in our

model. The second parameter, the standard deviation from

the exact M3modulation, is different from the stiffness ratio e
used in our model because the principle of minimal elastic

distortion energy in the 3D actin-myosin lattice influences

not only the M3 modulation, but also the M6 modulation. As

the Yagi et al. model does not account for the packing of the

actin and myosin filaments in the 3D filament lattice in the

A-band of sarcomeres and for the contribution of the de-

tached heads in the diffraction pattern, it could not explain the

presence of the meridional peak onM6. Also the A1, A6, and

A7 intensities, which contain contribution from the 7.2 nm

modulation (18), were probably underestimated.

During isometric contraction, the crystal-like lattice sam-

pling on the diffraction pattern is less pronounced than in

rigor (Fig. 2). The decrease in crystallinity probably results

from active forces that impose significant disorder of the

filament lattice in both axial and transverse directions. The

amount of the disorder is such that the model with a single

superlattice unit cell consisting of six actin and three myosin

filaments can account for the amount of sampling seen in the

experimental patterns (Figs. 3 and 8).

The intensity of A1 actin layer line as a measure
of the fraction of stereospecifically
attached heads

Calculations show that the total intensity of the A1 actin layer

line, IA1, is not sensitive to either a tilt of the LCDs of ste-

reospecifically bound myosin heads (Fig. 4) or to a variation

in the azimuthal and axial angles of stereospecifically bound
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heads (Fig. 5). Only an unrealistically high tilt of the whole

myosin head is capable of inducing changes in IA1 of.10%.

The calculated IA1 was shown to be insensitive to the disorder
of the filament lattice in sarcomeres as this only affects the

intensity distribution and lattice sampling (18).

During active isometric contraction at near physiological

temperature and in rigor, the contribution of actin filaments to

the A1 intensity is substantial only on the meridian (where

TN1 reflection is seen, Figs. 2 and 3) and at high reciprocal

radii of.0.06 nm�1 (Fig. 2). In the off-meridional region of

0.025–0.06 nm�1 where the contribution of bound myosin

heads to the A1 intensity is maximal, the contribution of the

actin filaments to A1 intensity is negligibly small (Fig. 2, C
andD). Our model reproduces the data, showing only a small

actin component of A1 in this radial range (Fig. 3). Even after

integration in a wider radial range of 0.014–0.1 nm�1, the

contribution of the thin filaments themselves to A1 remains

small (Fig. 6).

Calculations presented in Fig. 6 demonstrate that IA1 nor-
malized for its value in rigor (where all myosin heads are

strongly attached to actin) increases nearly proportionally

with the fraction of stereospecifically bound head, f(S). These
results show that in the conditions when all attached myosin

heads are bound to actin stereospecifically, normalized IA1
can be used as a robust measure of the fraction of attached

heads. The contribution of the nonstereospecifically attached

heads to the IA1 depends on the degree of disorder of attach-

ment angles (Fig. 7) and may not be negligible. For this rea-

son, IA1 provides a lower estimate of f(S), so that the total

fraction of bound heads can be higher than the estimate based

on IA1 if a significant fraction of the heads is bound non-

stereospecifically. During isometric contraction at ;30�C,
IA1 is;30%of its rigor value (Fig. 3).We believe that in these

conditions, the fraction of nonstereospecifically attached

heads is small, therefore f ðSÞ � 40% (Fig. 3). A similar value

was obtained from mechanical measurements in single frog

and rabbit muscle fibers by Linari et al. (39,42). Our estimate

is much higher than the value of 5% estimated from the A1

intensity in mouse diaphragm muscle contracting at room

temperature (19) and somewhat smaller than 55–75% derived

from the intensities of A6 and A7 layer lines in rabbit psoas

muscle (6). The normalized calculated A1 intensity depends

not only on f(S), but also on the stiffness ratio parameter, e,
that can be estimated but not measured precisely from ex-

perimental diffraction patterns. Reasonable estimates of e are
in the range of 0.25–0.5. For these e values, ambiguity in the

estimate for f(S) derived from the IA1 value is within 65%.

More accurate estimates can be obtained from the normalized

sum of the IA1 and the total intensities of the actin-myosin

beating layer lines, AM11 andAM�1, that is equal to f(S) with
63% accuracy, for f(S) in the range of 0.1–0.4 (data not

shown). Experimentally, the measurement of the beating

layer line intensities is more difficult than that of IA1, as these
reflections are much less intense and the layer lines partially

overlap with neighboring M2 and M4 myosin layer lines,

respectively. For these reasons, the spatial resolution and the

signal/noise ratioof thex-raydiffractionexperimental data need

to be high to measure the AM11, AM�1 intensities reliably.

As mentioned previously, the calculated IA1 does not fol-
low the square law suggested by a simple theory (43) mainly

due to the 7.2 nm modulation (38,18). As a result, the de-

pendence of IA1 on f(S) is somewhat intermediate between a

linear and a square relation (Fig. 6).

The calculated M3 intensity increases with f(S) for a low
fraction of bound heads and decreases when it approaches its

maximal value in rigor (Fig. 6). The reason for this bell-

shaped behavior is an increase in dispersion of the actin

binding sites from the 14.3 nm myosin-based modulation

with an increase in the actin occupancy: as the more ‘‘con-

venient’’ actin monomers are occupied, the dispersion from

the M3 repeat increases.

A feature that we can learn from the modeling is that the

intensities of the higher order actin layer lines A5, A6, and A7

cannot be used for quantitative estimate of the fraction of

stereospecifically attached heads, as these intensities are

sensitive to the shape of bound heads (Figs. 4 and 5) and,more

importantly, they decrease markedly when a small (up to

2 nm) disorder is imposed to the ‘‘neck’’ domains of bound

heads. As the disorder and the shape of the heads are unknown

a priori, one should be careful in interpreting these intensities

in terms of the number of myosin heads bound to actin or

changes in their configuration.

Nonstereospecifically attached heads and
temperature-induced changes in the diffraction
pattern from contracting muscle

The result of calculations of the effect ofmyosin head disorder

on layer line intensities (Fig. 7) does not agree with the

common belief that the disorder mainly affects the intensities

of the high angle layer lines and not the low angle ones

(10,19). This is true for axial and radial disorder for which the

thermal factor is exp �4p2 D2
axZ

2 1D2
radR

2
� �� �

; where Dax

and Drad are the root mean-squared axial and radial disorder,

respectively, and Z and R are the axial and radial coordinates

in reciprocal space (35), respectively. For these types of dis-

order, the intensity decreases sharply with an increase in the

number of the layer line (proportional to Z) and along a layer
line at higher reciprocal radius R. The results of calculation

presented in Fig. 7 B agree well with this theory.

The effect of azimuthal disorder is different for different

Fourier-Bessel terms, which contribute to the intensity of a

layer line, and for this reason the results of our calculations do

not follow the simple rule ‘‘the higher order the higher the

effect of disorder’’ (Fig. 7 A). This can be explained as fol-

lows. The thermal factor for azimuthal disorder with respect

to the filament axis can be expressed as exp �D2
azn

2
� �

; where
Daz is the root mean-squared azimuthal disorder and n is the

order of the Bessel function Jn of the first kind that gives a

contribution to the lth layer line intensity via a Fourier-Bessel

Modeling X-Ray Diffraction from Muscle 2891

Biophysical Journal 95(6) 2880–2894



term Fln. For this reason, azimuthal disorder mainly de-

presses the contribution of the Bessel functions with high jnj
such as A1 and A5, where the main contribution comes

from J2 and J3, respectively, whereas the effect of the dis-

order on higher order layer lines, A6 and A7, is much less

pronounced because the main Fourier-Bessel term for these

layer lines is J1.
It has been known for a long time that the increase in

temperature of contracting muscle induces an increase in the

force it produces. This increase in temperature and isometric

force was found to be accompanied by an increase in IA1 (24),
which occurs simultaneously with force (27). As the increase

in temperature does not induce a significant increase in in-

stantaneous fiber stiffness (40,30,44) and in the intensity of

the equatorial 1,1 x-ray reflection (25), we proposed that the

rise of the A1 intensity with temperature is due to a transition

of nonstereospecifically attached myosin heads to a stereo-

specifically bound state, and that this transition is an essential

part of force generation. Results of our calculations (Fig. 8)

show that the main changes in the x-ray diffraction pattern of

contracting muscle fibers upon increase in temperature can

indeed be explained by such transition. A quantitative

agreement between the low IA1 (;10% of its rigor value)

observed during isometric contraction at;5�C and results of

calculation with 40% of myosin heads attached can only be

achieved with relatively high (660�) azimuthal disorder of

nonstereospecifically attached heads (Fig. 8). This range is

somewhat wider than that found by Taylor et al. ((28), full

range 86�) from analysis of the averaged tomogram of con-

tracting insect flight muscle. An attempt to account for the

contribution of nonstereospecifically bound heads to the

diffraction pattern was made by Iwamoto et al. (45), who

used stretched rabbit muscle fibers soaked with endogenous

S1, which were then cross-linked to actin with EDC. In rigor,

cross-linked S1s strongly enhanced all actin layer lines,

whereas in the presence of ATP, no contribution of endog-

enous myosin heads to these layer lines was seen, suggesting

a wide distribution of the attachment angles of myosin heads

to actin despite covalent links between them.

The A1 intensity tightly correlates with isometric force in

intact and permeabilized fibers from muscles of both cold-

and warm-blooded animals. In intact frog muscle contracting

at 8�C, normalized IA1 is ;0.15 (41). A slightly smaller IA1
(0.12) was reported for single permeabilized muscle fibers

from the frog contracting at the lower temperature of 5-6�C.
IA1 increased in parallel with tension to 0.24 and 0.36 when

temperature rose to;17�C and;30�C, respectively (24). A
similar although smaller increase in IA1 was found in intact

frog muscle fibers over a narrower temperature range (46). In

the experiments with rabbit muscle fibers presented here,

temperature sensitivity of isometric force was more pro-

nounced: more than a threefold rise over a temperature range

of 5–30�C compared to less than a twofold rise for frog mus-

cles. Correspondingly, the increase in normalized IA1 with

temperature was also more marked; it rose from 0.08 to 0.3.

Fig. 8 shows the results of simultaneous fit of the pre- and

post-T-jump diffraction patterns of actively contracting

muscle with the model where the fractions of stereo- and

nonstereospecifically attached myosin heads change with

temperature according to hypothesis suggested by Ferenczi

et al. (27). The fraction of stereospecifically bound heads

increasedwith temperature by a factor of 3, from 13% to 40%,

proportionally to isometric tension, whereas the total number

of attached heads was 40% independent of temperature. The

fact that the model reproduces changes in the intensities of the

A1, M3, A5, A6, and A7 layer lines induced by an increase in

temperature (Fig. 8) supports the ‘‘roll and lock’’ model of

force generation by myosin heads (27). The transition from

nonstereo- to stereospecifically bound state of the heads

during the normal process of cross-bridge cycling is consis-

tent with the types of kinetic models derived from measure-

ments of ATPase activity in contracting fibers (47) in which

attached cross-bridges undergo conformational changes

linked to the release of products of hydrolysis, Pi and ADP.

The shape of stereospecifically attached heads
during isometric contraction

Although the intensity of the brightest actin line, A1, is in-

sensitive to the orientation of the light chain domain of ste-

reospecifically bound myosin heads, the intensities of the

high order layer lines change depending on the lever arm tilt

(Fig. 4). Among them, the beating actin-myosin layer line

AM11 at ;(10.3 nm)�1 is of specific interest as its intensity

changes by ;2-fold and the position of the peak of the in-

tensity shifts markedly when the LCDs of myosin heads go

from a preforce-generating to a rigor-like position (Fig. 4).

The experimental intensity distribution along this layer line is

close to that calculated for the ‘‘active’’ configuration of

LCD (Fig. 8), showing that the necks of a majority of myosin

heads in contracting muscle are more perpendicular to the

actin filament than in rigor. The position of the off-meridional

peak of the intensity of the A5 layer line at ;(7.2 nm)�1 is

also sensitive to the LCD orientation (Fig. 4). Comparison of

observed and calculated intensity profiles (Fig. 8) again

shows that the necks of a majority of stereospecifically bound

heads are in a position close to that in preforce-generating

head configuration. However, the choice of the preforce-

generating configuration of myosin head is not unique and

has an axial range of ;10�. For example, 40� tilt of the

myosin head also can be used for fitting experimental data.

The 40–50� interval of the LCD angles is compatible with the

results of the experiments with quick length changes of intact

frog fibers, where the average configuration of the myosin

head in isometric contraction was modeled by tilting and

bending of the LCD so that the C-terminus of the head was

displaced by 7 nm along the actin filament axis compared

with the rigor-like conformation (48). Our active configura-

tion is also close to the preforce-generating conformational

state of scallop S1 (21).
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Using the A6 and A7 actin layer lines for determining the

shape of stereospecifically bound heads is more ambiguous,

as actin filaments themselves as well as nonstereospecifically

bound myosin heads contribute significantly to these layer

lines (Figs. 4, 6–8). These intensities are also very sensitive to

small variation of attachment angles (Fig. 5).

It should be mentioned that the x-ray diffraction modeling

shows the features of the majority of myosin heads, and does

not exclude a small fraction of myosin heads in other con-

formations, for example at the end of the power stroke.

SUMMARY

We show here that the main features of the whole 2D x-ray

diffraction pattern from contracting muscle fibers can be

quantitatively simulated by a model based on the available

high resolution structures of actin and of the myosin head.

Only two additional parameters are required to fully describe

the actin binding pattern in the 3D actin-myosin filament

lattice in the A-band of a sarcomere. The total integral in-

tensity of the first actin layer line A1 is insensitive to a tilt of

the light chain domains of myosin heads and to lattice dis-

order, and for these reasons can be used as a robust measure

of the fraction of myosin heads stereospecifically bound to

actin and presumably producing active force. This fraction is

;40% during isometric contraction at near physiological

temperature. At low temperature, a majority of myosin heads

are bound to actin nonstereospecifically. The light chain

domains of a majority of myosin heads stereospecifically

bound to actin during isometric contraction are in a position

more perpendicular to the filament axis than in rigor as re-

vealed by the intensity distribution along the A5 and AM11

layer lines.

We are grateful to the staff of ID02 station at ESRF for their help during

data collection, especially to Dr. T. Narayanan, Dr. P. Panine, and Mr. J.

Gorini.

The work was supported by ESRF, Medical Research Council, Howard

Hughes Medical Institute, Russian Foundation for Basic Research, and

European Molecular Biology Laboratory.

REFERENCES

1. Huxley, H. E. 1996. A personal view of muscle and motility mech-
anisms. Annu. Rev. Physiol. 58:1–19.

2. Piazzesi, G., M. Reconditi, M. Linari, L. Lucii, Y.B. Sun, T.
Narayanan, P. Boesecke, V. Lombardi, and M. Irving. 2002. Mecha-
nism of force generation by myosin heads in skeletal muscle. Nature.
415:659–662.

3. Dobbie, I., M. Linari, G. Piazzesi, M. Reconditi, N. Koubassova, M. A.
Ferenczi, V. Lombardi, and M. Irving. 1998. Elastic bending and active
tilting of myosin heads during muscle contraction. Nature. 396:383–
387.

4. Takezawa, Y., D. S. Kim, M. Ogino, Y. Sugimoto, T. Kobayashi, T.
Arata, and K. Wakabayashi. 1999. Backward movements of cross-
bridges by application of stretch and by binding of MgADP to skeletal
muscle fibers in the rigor state as studied by x-ray diffraction. Biophys. J.
76:1770–1783.

5. Juanhuix, J., J. Bordas, J. Campmany, A. Svensson, M. L. Bassford, and
T. Narayanan. 2001. Axial disposition of myosin heads in isometrically
contracting muscles. Biophys. J. 80:1429–1441.

6. Kraft, T., T. Mattei, A. Radocaj, B. Piep, C. Nocula, M. Furch, and
B. Brenner. 2002. Structural features of cross-bridges in isometrically
contracting skeletal muscle. Biophys. J. 82:2536–2547.

7. Oshima, K., Y. Takezawa, Y. Sugimoto, T. Kobayashi, T. C. Irving,
and K. Wakabayashi. 2007. Axial dispositions and conformations of
myosin crossbridges along thick filaments in relaxed and contracting
states of vertebrate striated muscles by X-ray fiber diffraction. J. Mol.
Biol. 367:275–301.

8. Huxley, H. E., M. Reconditi, A. Stewart, and T. Irving. 2006. X-ray
interference studies of crossbridge action in muscle contraction:
evidence from quick releases. J. Mol. Biol. 363:743–761.

9. Malinchik, S. B., and V. V. Lednev. 1992. Interpretation of the X-ray
diffraction pattern from relaxed skeletal muscle and modelling of the
thick filament structure. J. Muscle Res. Cell Motil. 13:406–419.

10. Malinchik, S., S. Xu, and L. C. Yu. 1997. Temperature-induced
structural changes in the myosin thick filament of skinned rabbit psoas
muscle. Biophys. J. 73:2304–2312.

11. Hudson, L., J. J. Harford, R. C. Denny, and J. M. Squire. 1997. 3D
structure of fish muscle myosin filaments. J. Struct. Biol. 137:154–163.

12. Al-Khayat, H. A., L. Hudson, M. K. Reedy, T. C. Irving, and J. M.
Squire. 2003. Myosin head configuration in relaxed insect flight
muscle: x-ray modeled resting cross-bridges in a pre-powerstroke state
are poised for actin binding. Biophys. J. 85:1063–1079.

13. Al-Khayat, H. A., and J. M. Squire. 2006. Refined structure of bony
fish muscle myosin filaments from low-angle X-ray diffraction data.
J. Struct. Biol. 155:218–229.

14. Gu, J., S. Xu, and L. C. Yu. 2002. A model of cross-bridge attachment
to actin in the A�M�ATP state based on x-ray diffraction from
permeabilized rabbit psoas muscle. Biophys. J. 82:2123–2133.

15. Yagi, N., H. Iwamoto, J. Wakayama, and K. Inoue. 2005. Structural
changes of actin-bound myosin heads after a quick length change in
frog skeletal muscle. Biophys. J. 89:1150–1164.

16. Yagi, N., H. Iwamoto, and K. Inoue. 2006. Structural changes of cross-
bridges on transition from isometric to shortening state in frog skeletal
muscle. Biophys. J. 91:4110–4120.

17. Holmes, K. C., I. Angert, F. J. Kull, W. Jahn, and R. R. Schroeder.
2003. Electron cryo-microscopy shows how strong binding of myosin
to actin releases nucleotide. Nature. 425:423–427.

18. Koubassova, N. A., and A. K. Tsaturyan. 2002. Direct modeling of x-ray
diffraction pattern from skeletal muscle in rigor. Biophys. J. 83:1082–
1097.

19. Iwamoto, H., J. Wakayama, T. Fujisawa, and N. Yagi. 2003. Static and
dynamic x-ray diffraction recordings from living mammalian and
amphibian skeletal muscles. Biophys. J. 85:2492–2506.

20. Holmes, K. C. 1997. The swinging lever arm hypothesis of muscle
contraction. Curr. Biol. 7:112–118.

21. Houdusse, A., A. G. Szent-Gyorgyi, and C. Cohen. 2000. Three confor-
mational states of scallop myosin S1. Proc. Natl. Acad. Sci. USA. 97:
11238–11243.

22. Huxley, H. E., and M. Kress. 1985. Crossbridge behaviour during
muscle contraction. J. Muscle Res. Cell Motil. 6:153–161.

23. Fajer, P. G., E. A. Fajer, and D. D. Thomas. 1990. Myosin heads have
a broad orientational distribution during isometric muscle contraction:
time-resolved EPR studies using caged ATP. Proc. Natl. Acad. Sci.
USA. 87:5538–5542.

24. Bershitsky, S. Y., A. K. Tsaturyan, O. N. Bershitskaya, G. I. Machanov,
P. Brown, R. Burns, and M. A. Ferenczi. 1997. Muscle force is
generated by myosin heads stereospecifically attached to actin. Nature.
388:186–190.

25. Tsaturyan, A. K., S. Y. Bershitsky, R. Burns, and M. A. Ferenczi.
1999. Structural changes in the actin-myosin cross-bridges associated
with force generation induced by temperature jump in permeabilized
frog muscle fibers. Biophys. J. 77:354–372.

Modeling X-Ray Diffraction from Muscle 2893

Biophysical Journal 95(6) 2880–2894



26. Brenner, B., E. Mahlmann, T. Mattei, and T. Kraft. 2005. Driving

filament sliding: weak binding cross-bridge states, strong binding

cross-bridge states, and the power stroke. Adv. Exp. Med. Biol. 565:
75–91.

27. Ferenczi, M. A., S. Y. Bershitsky, N. Koubassova, V. Siththanandan,

W. I. Helsby, P. Panine, M. Roessle, T. Narayanan, and A. K.

Tsaturyan. 2005. The ‘‘roll and lock’’ mechanism of force generation

in muscle. Structure. 13:131–141.

28. Taylor, K. A., H. Schmitz, M. C. Reedy, Y. E. Goldman, C. Franzini-

Armstrong, H. Sasaki, R. T. Tregear, K. Poole, C. Lucaveche, R. J.

Edwards, L. F. Chen, H. Winkler, and M. K. Reedy. 1999. Tomo-

graphic 3D reconstruction of quick-frozen, Ca21-activated contracting

insect flight muscle. Cell. 99:421–431.

29. Bershitsky, S. Y., A. K. Tsaturyan, O. Bershitskaya, G. Mashanov, P.

Brown, M. Webb, and M. A. Ferenczi. 1996. Mechanical and structural

properties underlying contraction of skeletal muscle fibers after partial

1-ethyl-3-[3-dimethylamino)propyl]carbodiimide cross-linking. Biophys.
J. 71:1462–1474.

30. Bershitsky, S. Y., and A. K. Tsaturyan. 2002. The elementary force

generation process probed by temperature and length perturbations in

muscle fibres from the rabbit. J. Physiol. 540:971–988.

31. Cantino, M., and J. Squire. 1986. Resting myosin cross-bridge config-

uration in frog muscle thick filaments. J. Cell Biol. 102:610–618.

32. Luther, P. K., and J. M. Squire. 1980. Three-dimensional structure of

the vertebrate muscle A-band. II. The myosin filament superlattice.

J. Mol. Biol. 141:409–439.

33. Pirani, A.,M. V. Vinogradova, P.M. Curmi,W.A.King, R. J. Fletterick,

R. Craig, L. S. Tobacman, C. Xu, V. Hatch, and W. Lehman. 2006. An

atomic model of the thin filament in the relaxed and Ca21-activated

states. J. Mol. Biol. 357:707–717.

34. Poole, K. J., M. Lorenz, G. Evans, G. Rosenbaum, A. Pirani, R. Craig,

L. S. Tobacman, W. Lehman, and K. C. Holmes. 2006. A comparison

of muscle thin filament models obtained from electron microscopy

reconstructions and low-angle X-ray fibre diagrams from non-overlap

muscle. J. Struct. Biol. 155:273–284.

35. Vainstein, B. K. 1963. Diffraction of X-Rays by Chain Molecules.

Izdatelstvo Akademii Nauk SSSR, Moscow.

36. Huxley, H. E., A. R. Faruqi, M. Kress, J. Bordas, and M. H. Koch.

1982. Time-resolved X-ray diffraction studies of the myosin layer-

line reflections during muscle contraction. J. Mol. Biol. 158:637–
684.

37. Yagi, N. 1996. Labelling of thin filaments bymyosin heads in contracting
and rigor vertebrate skeletalmuscles.ActaCrystallogr.D.52:1169–1173.

38. Tsaturyan, A. K. 2002. Diffraction on partially decorated helices. Acta
Crystallogr. A. 58:292–294.

39. Linari, M., I. Dobbie, M. Reconditi, N. Koubassova, M. Irving, G.
Piazzesi, and V. Lombardi. 1998. The stiffness of skeletal muscle in
isometric contraction and rigor:. the fraction of myosin heads bound to
actin. Biophys. J. 74:2459–2473.

40. Bershitsky, S. Yu., and A. K. Tsaturyan. 1989. Effect of joule
temperature jump on tension and stiffness of skinned rabbit muscle
fibers. Biophys. J. 56:809–816.

41. Bordas, J., G. P. Diakun, F. G. Diaz, J. E. Harries, R. A. Lewis, J.
Lowy, G. R. Mant, M. L. Martin-Fernandez, and E. Towns-Andrews.
1993. Two-dimensional time-resolved X-ray diffraction studies of live
isometrically contracting frog sartorius muscle. J. Muscle Res. Cell
Motil. 14:311–324.

42. Linari, M., M. Caremani, C. Piperio, P. Brandt, and V. Lombardi.
2007. Stiffness and fraction of myosin motors responsible for active
force in permeabilized muscle fibers from rabbit psoas. Biophys. J. 92:
2476–2490.

43. Holmes, K. C., R. T. Tregear, and J. Barrington-Leigh. 1980. Inter-
pretation of the low angle X-ray diffraction from insect flight muscle in
rigor. Proc. R. Soc. Lond. B. Biol. Sci. 207:13–33.

44. Piazzesi, G., M. Reconditi, N. Koubassova, V. Decostre, M. Linari,
L. Lucii, and V. Lombardi. 2003. Temperature dependence of the
force-generating process in single fibres from frog skeletal muscle.
J. Physiol. 549:93–106.

45. Iwamoto, H., K. Oiwa, T. Suzuki, and T. Fujisawa. 2001. X-ray
diffraction evidence for the lack of stereospecific protein interactions in
highly activated actomyosin complex. J. Mol. Biol. 305:863–874.

46. Linari, M., E. Brunello, M. Reconditi, Y.-B. Sun, P. Panine, T.
Narayanan, G. Piazzesi, V. Lombardi, and M. Irving. 2005. The struc-
tural basis of the increase in isometric force production with temperature
in frog skeletal muscle. J. Physiol. 567:459–469.

47. Siththanandan, V. B., J. L. Donnelly, and M. A. Ferenczi. 2006. Effect
of strain on actomyosin kinetics in isometric muscle fibers. Biophys. J.
90:3653–3665.

48. Irving, M., G. Piazzesi, L. Lucii, Y.-B. Sun, J. J. Harford, I. M. Dobbie,
M. A. Ferenczi, M. Reconditi, and V. Lombardi. 2000. Conformation
of the myosin motor during force generation in skeletal muscle. Nat.
Struct. Biol. 7:482–485.

2894 Koubassova et al.

Biophysical Journal 95(6) 2880–2894


	Direct Modeling of X-Ray Diffraction Pattern from Contracting Skeletal Muscle
	Introduction
	Materials and methods
	Experimental data
	Modeling

	Results
	Experimental diffraction patterns
	Comparison of calculated and observed diffraction patterns
	The effect of the configuration of stereospecifically bound myosin heads on the layer line intensities
	The effect of the number of stereospecifically bound myosin heads on the layer line intensities
	Diffraction by nonstereospecifically bound myosin heads
	Modeling the effect of temperature

	Discussion
	Model quality
	The intensity of A1 actin layer line as a measure of the fraction of stereospecifically attached heads
	Nonstereospecifically attached heads and temperature-induced changes in the diffraction pattern from contracting muscle
	The shape of stereospecifically attached heads during isometric contraction

	Summary
	References


