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ABSTRACT The effects of the applied stretch and MgADP binding on the structure of the actomyosin cross-bridges in rabbit
and/or frog skeletal muscle fibers in the rigor state have been investigated with improved resolution by x-ray diffraction using
synchrotron radiation. The results showed a remarkable structural similarity between cross-bridge states induced by stretch
and MgADP binding. The intensities of the 14.4- and 7.2-nm meridional reflections increased by ~23 and 47 %, respectively,
when 1 mM MgADP was added to the rigor rabbit muscle fibers in the presence of ATP-depletion backup system and an
inhibitor for muscle adenylate kinase or by ~33 and 17%, respectively, when rigor frog muscle was stretched by ~4.5% of
the initial muscle length. In addition, both MgADP binding and stretch induced a small but genuine intensity decrease in the
region close to the meridian of the 5.9-nm layer line while retaining the intensity profile of its outer portion. No appreciable
influence was observed in the intensities of the higher order meridional reflections of the 14.4-nm repeat and the other
actin-based reflections as well as the equatorial reflections, indicating a lack of detachment of cross-bridges in both cases.
The changes in the axial spacings of the actin-based and the 14.4-nm-based reflections were observed and associated with
the tension change. These results indicate that stretch and ADP binding mediate similar structural changes, being in the
correct direction to those expected for that the conformational changes are induced in the outer portion distant from the
catalytic domain of attached cross-bridges. Modeling of conformational changes of the attached myosin head suggested a
small but significant movement (about 10-20°) in the light chain-binding domain of the head toward the M-line of the
sarcomere. Both chemical (ADP binding) and mechanical (stretch) intervensions can reverse the contractile cycle by causing
a backward movement of this domain of attached myosin heads in the rigor state.

INTRODUCTION

Active force of muscle is thought to be generated by aprobe bound to a Cys707 did not rotate when rigor muscle
change in the conformation or a movement of an actinfibers were rapidly stretched. However, Tanaka et al. (1991)
myosin head complex (cross-bridge). This leads to the posand recently Yagi et al. (1996) reported by x-ray diffraction
sibility that a passive force (external stretch) could in turnthat the 14.4-nm meridional intensity changed in response
alter cross-bridge configuration and produce a backwardo tension changes when slow and fast sinusoidal length
movement. Naylor and Podolsky (1981) first investigatedchanges were applied to rigor muscles, respectively. Re-
the effect of stretch application on rigor cross-bridge con-cently, Irving et al. (1995) observed a small but significant
figuration by x-ray diffraction and found no apparent change in the orientation of fluorescent dyes attached to the
changes in the equatorial diffraction. Later, their conclusiorregulatory light chain in a myosin when the rigor muscle
was supported by Cooke (1981) and Hambly et al. (1991jiber was rapidly stretched, suggesting that the cross-bridge
who found little effect of external loads on the orientation of changes are confined to that region.

spin probes attached either to the catalytic domain (a reac- It is well known that MgADP binds with high affinity to
tive thiol, SH1 (Cys707)) or a regulatory light chain sitting myosin heads in glycerinated muscles and promotes the
on the tail domain of the myosin heads in rigor muscle.formation of an actin-myosin-ADP ternary complex, low-
Recently, Burghardt et al. (1997) also found that fluorescenering rigor tension (Marston, 1973; Marston et al., 1976;
Schoenberg and Eisenberg, 1987; Dantzig et al., 1991,
Tanner et al., 1992). Rodger and Tregear (1974) investi-
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1998. insect flight muscle in rigor in the presence of MgADP, and
Address reprint requests to Dr. Katsuzo Wakabayashi, Division of Bio-concluded that the conformation of the attached heads was
ph)_/sica! Engineering, Graduate School of Engineering Science, Osakﬁot altered by the binding of ADP. X-ray and birefringence
University, Toyonaka, Osaka 560-8531, Japan. Tel.: 81-6-6850-6515; Fax: . . .

81-6-6843-0354; E-mail: waka@bpe.es.osaka-u.ac.jp Studies with skeletal muscle fibers also showed that
Duck-Sool Kim’s present address is the Department of Chemical TechnoIMgApP had no apparent Struc'[_ural effect on the attached
ogy, College of Engineering, Chang-Won National University, Chang-Myosin heads (Obiorah and Irving, 1989). However, elec-
Won, Kyoung Nam 641-773, Korea. tron paramagnetic resonance (EPR) studies on spin probes
© 1999 by the Biophysical Society attached to a Cys707 of the heads showed a small angle
0006-3495/99/04/1770/14  $2.00 change of the probe in the presence of MgADP (Ajtai et al.,




Takezawa et al. Backward Movements of the Rigor Cross-Bridges 1771

1989; Fajer et al., 1990). A recent fluorescent polarizatiora bundle was mounted in a Perspex chamber with two Mylar windows for
study revealed a small but distinct angle change of the probg rays to pass through. After washing out glycerination solution, rigor

: P . solution (80 mM K-propionate, 5 mM EGTA, 6 mM Mg-(acetategnd 40
attached to the regulatory “ght chain in a myosin upOan imidazole/HCI buffer (pH 7.0)) was circulated through the chamber.

photo-producing ADP in the rig_or rabbit fibers (Allen et al_" For addressing the effect of ADP binding, an inhibitor for muscle adenylate
1996). EPR studies on the spin probes attached to a lighinase (0.2 mM diadenosine pentaphosphate.Pand the ATP-deple-
chain failed to detect such an angle change (Arata, 1990ion backup system (0.1 mg/ml o3 units/ml hexokinase-1 mM glucose)
Hambly et al., 1991; Gollub et al., 1996). Very recently, vere added to the solution to prevent the build-up of ATP in a fiber and to

. . . . m ntaminant ATP in ADP solution, r ively. Th f th
three-dimensional reconstruction of electron micrographs ogeco pose contaminant ATP | solution, respectively. The use of the
ackup system and AR was absolutely necessary for investigating the

the actin filaments de(_:orated with S1 (subfragme_nt—p frc_)rr]ADp binding effects.
smooth muscle myosin revealed that an ADP binding in- whole sartorius muscles of the small bullfrdgana castesbeiapavere
duced a considerable degree of movement or rotation of ased for the stretch experiments. Intact frog muscles were rigorized at the

light chain-binding domain of the attached heads (Whittakef“" filament overlap in cold Ringer solution (4°C) (115 mM NacCl, 2.5 mM

.. KCI, 1.8 mM CaCl}, 5 mM NaH,CO; (pH 7.2)) containing 2 mM iodoace-
et al., 1995)' EPR spectroscopy also detected a Slm”q{c acid for>36 hr as described previously (Huxley and Brown, 1967). The

degree of ADP-induced ar_lgle Cha_-nge of the spin prob@eyyic end of the muscle was clamped to the hook in the chamber whereas
attached to the regulatory light chain of smooth muscle Sthe tibial end or tendon was connected to a force transducer.

bound to the actin filaments in rigor muscle fibers (GoIIub Stretch experiments were performed as follows. When rigor muscle was
et al., 1996). But the similar changes have not been Seeli,iald isometrically and any slackness in the muscle was taken up, rectan-

. . . gular length changes~4.5% of the initial muscle length ¢} with a
using skeletal muscle S1 (Gollub et al., 1996; Barsotti et aI'VeIocity of ~0.4 Ly/s and a duration of 4.5 s) were applied using a moving

1996; Jontes et_ al., 1997). However, ear"er_eleCtron micr_osc'oil driver controlled with a feed-back circuit. The average tension at a
copy (EM) studies on myosin molecules using a shadowing.5%-L, stretch corresponded t0.5 P, in which P, denotes the maxi-
technique revealed that a population of bent-formed myosimum isometric tension (2.5 0.2 kg/cnf), which was measured in a
heads increased in the presence of ADP (Tokunaga et afeparate tetanic experiment using the intact preparation from the another

. . I€g. In the present experiments, the muscle was stretched by a force that
1991)' Recent x-ray solution scattering have shown that ﬁever exceeded-50% of isometric tension so as to avoid “give” or any

distinct compaction of the skeletal muscle S1 shape occurgmage.

in the presence of MgADP (Sugimoto et al., 1995, 1996;

Sugimoto, Tokunaga and Wakabayashi, submitted for pub-

lication). Thus, there has been much controversy as regargé-ray diffraction experiments

the effects of an ADP binding and external loads on thex ) o he Beamiine 15A at the Ph
rigor Cross-bridges in a Ske'eta' mUSC'e. -ray experlments were carried out at the Beamline at the oton

. . . . Factory (Tsukuba, Japan) using synchrotron radiation from a positron
We have relnvestlgated in details the effects of the ap'storage ring. Monochromatic x-ray beam (wavelengths 0.1507 nm)

plication of stretch and the binding of MgADP to the was selected and collimated by using doubly focusing optics (Amemiya et
myosin heads attached to thin actin filaments in the rigorl., 1983; Wakabayashi and Amemiya, 1991). The storage ring was oper-
state of skeletal muscle fibers using improved X-ray diffrac_ated (in a mediune optics) at 2.5 GeV with a beam current between 300

. . . . P nd 350 mA. The x-ray diffraction patterns were recorded on a storage
tion techniques with a high-sensitive area detector an(ghosphor area detector (an imaging plate (type BAS-III), Fuji Film, Tokyo,

inte_nse synchrotro_n x_-_rays. _\Ne fo_und that upon the a-pplijapan) (e.g., Amemiya et al., 1987) in a very short exposure time.
cation of stretch significant intensity changes of the 14.4- For the ADP binding experiments, the fiber bundle was set horizontally
nm-based meridional reflections occurred with an accomso as to make the optimum use of collimated x-ray beam. The size of the

panying of a small but genuine intensity Change of thexray beam was 2.3 (HX 0.4 (V) mn¥ at the specimen. Three diffraction

. . . atterns were recorded from the same specimen sequentially to show up to
5.9-nm actin-based layer line. Interestlngly, these Change%e 2.7-nm actin-based meridional reflection at the specimen-to-plate dis-

closely resembled those brought about upon the addition Qfnce of 120 cm in a total exposure time of 30—45 s. The first record was
MgADP to rigor muscle. These coordinated intensitytaken from the specimen in rigor solution, the second one from the
changes indicate that stretch and ADP binding seem tepecimen in the solution containing MgADP, and the last one from the
mediate similar structural changes in the Iight Chain_bindingspecimen returned to rigor solution to ensure a recovery of the original

region distant from the catalvtic domain and from actin pattern. The position of the specimen where x-rays hit was varied at every
g Yy “exposure. No appreciable radiation damage to the specimen was observed

Preliminary results were reported in the abstract formaer a total exposure of less than 3 min. The temperature was maintained
(Takezawa et al., 1996; Kim et al., 1996). at 20°C. Before each x-ray exposure, the specimen was incubated in each
perfusion solution for at least 20 min. Solution was continuously circulated
through the specimen chamber during the exposure by a peristaltic pump.
For experiments in which stretches were applied to a whole rigor muscle

MATERIALS AND METHODS of frog, the muscle was set vertically. The horizontal beam size was
widened out into~4 mm at the specimen. Three diffraction patterns were

Specimen preparation and recorded fo 3 s before, during, and after stretch with the specimen-to-plate

mechanical experiments distance of 160 cm at 10°C. During stretch, the tension was recorded with

a digital oscilloscope (Nicolet 3091, Madison, Wisconsin), and the x-ray
For the ADP binding experiments, freshly glycerinated rabbit psoas musshutter was opened f@® s after an initial fast decay of tension. Alternate
cles were prepared by a conventional method (e.g., Tawada and Kimuratretching and releasing were imposed five times for each muscle at
1984). The specimens for x-ray diffraction experiments consisted of antervals of 12 s, so that x-ray signals could be summed in a total exposure
bundle of 10-15 single fibers. The sarcomere length of the fiber bundldime of 15 s. During an x-ray exposure, the chamber was perfused with
was adjusted te-2.4 um using optical diffraction with a He-Ne laser. Such Ringer solution.
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In both experiments, the imaging plate after the x-ray exposure was
scanned by an image plate reader (BAS 2000, Fuji Film, Tokyo, Japan) A
using a pixel size of 10um. To minimize the variation in the intensity
measurements, the same plate was used in a series of all experiments, and
the time interval between the exposure and scanning was kept constant (for
the fading effect of an imaging plate, see Amemiya, 1995).

Intensity measurements and data analysis

Digital intensity data from the image plates were analyzed on graphics
workstations (Spark Station 330, Sun Microsystems, Palo Alto, California
and Power Macintosh 7200, Apple Computer Inc., Cupertino, California).
After determining the origin of the images and correcting the inclination
angle of each image, the four quadrants of the patterns were folded and
averaged. Scaled by the total intensity of the pattern (except for the strong
equatorial region and around the beam stop), the data from three or more
muscles were summed to increase the signal-to-noise ratio. The intensity
distributions of the layer lines were measured by scanning the data along
rows of pixels perpendicular to the layer lines. The background line under
each peak was estimated by drawing a smooth curve connecting minimum
points on each side of the peak. The integrated intensities of these peaks
were then obtained by summing up the data in the area above the back-
ground, and plotted as a function of the reciprocal radial coordinate,
R ( = 2sing/A in which 6 and A are half the scattering angle and x-ray
wavelength used, respectively). In order to directly obtain the integrated
intensities of the layer-line reflections as well as the meridional reflections,
those of their main peaks were measured in the axial direction by radial
integration, on stripes parallel to the meridian in appropriate radial ranges,
and the background intensity was subtracted as above.

Spacing measurements were made as described previously (Wakaba-
yashi et al., 1994). For a meridional reflection-at/2.7 nm * and the two
layer-line reflections at~1/5.1 nm%, and ~1/5.9 nm%, the intensity
measurements were made in the reciprocal range=sffd= 0.018 nm*

(in which the layer lines appeared with a least fanning effect) by radial
integration. The centroid of each axial reflection profile was determined by
fitting a Gaussian to that profile. The intensities of the meridional reflec-
tions such as the first to the fifth orders of the 14.4-nm repeat were
measured in the radial range of<9 R = 0.022 nm* where their main
peak-profiles were included, and their centroids were determined as above.
In the case that the reflections partially overlapped neighboring reflections,
the raw data points were fitted to a model consisting of two or more
overlapping Gaussian peaks using a nonlinear least squares method. Rigor Stretch

RESULTS FIGURE 1 X-ray diffraction patterns from rabbit and frog skeletal mus-
cle fibers in the rigor state in the presence of MgAD® and by the
Similarity between structural changes of the application of stretchB). (A) The left half shows the pattern obtained from

rabbit psoas fibers in the absence of nucleotide and the right half shows that
obtained in the presence of 1 mM MgADP. Solutions contained 0.1 mg/ml
hexokinase, 1 mM glucose, and 0.2 mM diadenosine pentaphosphate.
Fig. 1 A shows a pair of x-ray diffraction patterns from X-ray patterns were taken in 30-s exposu®). The left half shows the

. . . . . attern obtained from frog sartorius whole muscle at rest length in the rigor
rabbit muscle fibers in the rigor state in the absence (Iefgtate. The right half shows that obtained upon the application of stretch of

half) and presence of MgADP (right half). The x-ray pattern —4.5% of the initial muscle length ¢ (the tension corresponding to

from the fibers in the presence of MgADP was very similar ~50% of the maximum active tensiondjp. X-ray patterns were taken in

to the original rigor pattern as was observed previously int5-s exposure. IA and B, the appropriate Gaussian-form background

insect flight muscle fibers by Rodger and Tregear (1974)Mensity was subtracted for an illustration purpose. The fiber axis is
. . . vertical; M, meridional axis; E, equatorial axis. The meridional reflections

Fig. 1B shows a pair of x-ray patterns from rgor frOg of the 14.4-nm repeat and the reflection-&t/3.9 nm * (the eleventh order

muscle fibers (left half) and upon applying the stretch ofof the 43-nm basic repeat of the thick myosin filament) are marked on the

~4.5% initial muscle length (§) to the muscle (right half). left-hand side, and the 2.7-nm meridional and 5.1- and 5.9-nm actin-based

Agaln, the eﬁect Of Such an external Stretch was not Sdayer-line reflections are marked on the right—hand side.

obvious. Upon closer examination, there were small but

significant intensity changes in both cases. 11 Bragg reflections remained mostly unchanged, although
Fig. 2 shows the intensity traces of the equator. In thehey showed a tendency of small decrease (withifo).

presence of MgADP (Fig. 2), the intensities of the 10 and However, the peak positions tended to shift toward the

cross-bridges induced by the binding of MgADP
and by the application of stretch
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FIGURE 2 The intensity traces of the 10 and 11 equatorial reflections. 6.0~ 14.4nm —e— Rigor
(A) Comparison of the traces from rabbit rigor muscle fibers in the absence © so —O— Stretch
(chain curvg and presence of MgADPs6lid curve. (B) Comparison of O
those from frog rigor muscle beforeh(ain curvg and during the 4.5%-} 540
stretch 6olid curve. R denotes the reciprocal radial coordinate. 8
E,3.0
@20
]
low-angle side, suggesting a slight lattice swellingl@o). £10
This lattice expansion may be related to a slight suppression 0.0k L I 1 ] L S :)s
. . o X . . 03 004 005 )
of rigor tension that was observed upon the binding of 000 oo 002 00

: . Reciprocal Coordinate R (nm'
MgADP to the cross-bridges and/or caused by an ionic eciprocal Coordinate R (nm)

change in solution. In agreement with the previous results
(Naylor and Podolsky, 1981; Podolsky et al., 1982), the
application of stretch caused a slight lattice shrinkage but no

appreciable changes (withir5%) in these equatorial in- " 7.2nm —e— Rigor
tensities (Fig. 2B), indicating no apparent detachment of % A —O— Stretch
cross-bridges during stretch. E”"
The most appreciable and common intensity changes :;o.a
were observed in the meridional reflections indexed to the Soe
14.4-nm repeat in both cases. Fig. 3 shows the changes in §0.4
the intensity distributions of the first (14.4 nm) and second 2
(7.2 nm) order reflections of this repeat along their layer =0z
lines. The 14.4- and 7.2-nm reflections in the radial range of 0.0 L L

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Y . "
0 = R = 0.040 nm * were intensified by~23 and 47%, Reciprocal Coordinate R (nm)

respectively, in the presence of MgADP (Fig.A3. The
observed intensity Changes were reversible when MgADFI):IGURE 3 @) 14.4- and 7.2-nm meridional intensity profiles along the
was completely washed out, but full recovery was notequator from rigor rabbit muscle fibers in the abser@gdnd presence of
achieved in these experiments because of very slow tim®IgADP (O). (B) Those from rigor frog muscle befor@®) and during the
course of ADP release (see Tanner et al., 1992). Upof-5%-L stretch ©).
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applying the 4.5%-} stretch (Fig. 3B), the 14.4- and A
7.2-nm reflections were intensified by33 and 17%, re-
spectively, in the same radial range as in the ADP case. 3.9nm
Intensity changes were too small to observe in the higher
order reflections in both cases (not shown here). The reflec-
tion widths in both directions parallel and perpendicular to
the meridian were mostly unchanged (see Fig. 7), implying
that the ADP binding and also applied stretch did not exert
any large influence on the structural order giving rise to a

o
o
T

—e— Rigor
—O— +ADP

0

w »

=} =3
5T

Intensity (a.u.) x
n
o

. .. . . . 1.0
14.4-nm periodicity. Lattice sampling pattern and layer-line
intensities away from the meridian remained unchanged by 0.0
the addition of MgADP or stretch, showing no major 000 002 004 006 008 010 012

changes in the lattice structure. Thus, as seen in Fig. 3, the Reciprocal Coordinate R (nm')
observed intensity changes were confined mostly to the

meridional region. The characteristic layer lines in the rigor

pattern, which are dominated by the geometry of the actinB

helix, are generated by the labeling of actin by all myosin 6.0F

heads (Cooke and Franks, 1980; Thomas and Cooke, 1980; 3.9nm —— Rigor
Lovell and Harrington, 1981). Because the intensities of the ‘}'9 >or —O— Stretch
14.4-nm-based meridional reflections are still relatively X 4.0[®

high in the presence of the features of the rigor state, it is : o

likely that there is a significant contribution to these reflec- 7™

tions from the attached cross-bridges as affected by the % 2.0

original repeat of the thick filaments (see Haselgrove and §

Reedy, 1978; Squire and Harford, 1988). The thick filament = '°

backbone also contributes to these reflections (Huxley and 0.0

Brown, 1967; Haselgrove, 1975). However, the off-merid- 000 00z 004 006 008 010 012
ional intensity peak on the layer line at1/3.9 nm* Reciprocal Coordinate R (nm’)
(corresponding to the eleventh order of the 43-nm basic _ _ o _
repeat of the thick myosin filaments) (Fig. 1), which pre- FIGURE 4 (@) Intensity profiles _ofthe 3.9-nm merl_dlonal reflection (the
eleventh order of the 43-nm basic repeat of the thick filament) along the
sumably comes from the backbone (Hanson et al., 197Jgquator from rabbit rigor muscle fibers in the abser@pand presence of
Bennett, 1976, cited in the book by Squire, 1981), remainetgAbP (O). (B) Those from frog rigor muscle befor®) and during the
unaltered in both cases (Fig. 4), suggesting that the back5% L, stretch ©). This reflection is thought to come from the backbone
bone structure changed little both in the ADP binding andstructure of the thick filament.
during stretch though it was slightly elongated by stretch
(see below). The intensity increase in the 14.4-nm-baseédctin symmetry (Huxley and Brown, 1967). Particularly, the
reflections upon the binding of ADP cannot be attributed tocenter of gravity of the 5.9-nm layer-line distribution shifts
dissociation or relaxation of the cross-bridges (see below)}toward the meridian by the attachment of myosin heads
Thus, large part of the observed intensity changes of thalong the helical track with this pitch. Upon binding ADP
14.4- and 7.2-nm meridional reflections is likely caused by(Fig. 5A) or applying stretch (Fig. B), there was almost no
an axial density alteration of the attached heads projectedppreciable change in the 5.1-nm layer-line intensity but a
onto the fiber axis. The intensity increase on the meridian irsmall but significant decrease in the 5.9-nm layer-line in-
these reflections would result from concentrated distributiortensity. The lack of distinct intensity changes of the 5.1-nm
of mass projection onto the fiber axis. Recently, Takemoriand the first actin layer lines as well as the equatorials
et al., (1995) reported similar changes in the 14.4- angroved no sign of detachment of the myosin heads from
7.2-nm reflections from a skinned frog rigor fiber upon the actin. In the 5.9-nm layer line the intensity changes were
addition of MgADP. It is likely that a change in cross-bridge taking place in the inner region away from the peak while
structure was induced by the external stretch, similarly taetaining the intensity profile of its outer part and were
that induced by the binding of ADP, although the fractionalsimilar (6—8% decrease, as measured in the radial range of
intensity changes of the two reflections tended to differ0 = R = 0.05 nm %) between in the ADP binding and
between the two cases (see Discussion). during stretch, resulting in a slight outward shift of the
Fig. 5 compares intensity profiles of the 5.9- and 5.1-nmcentroid of the layer-line profile. This shift suggests an
actin-based layer lines observed in the absence and preseraggparent decrease in the radius of the left-handed genetic
of MgADP (Fig. 5A) and before and during stretch (Fig. 5 helix with a 5.9-nm pitch. Application of stretch to the
B). In the rigor state, the intensities of the 5.9- and 5.1-nnfibers caused a slight sharpening of the axial profile with an
layer lines are greatly enhanced by the periodical attachincreased peak intensity in the higher radial part of these
ment of the most of cross-bridges in accordance with théayer lines, whereas their integrated intensity appeared un-
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FIGURE 5 (@) Intensity profiles of the 5.9- and 5.1-nm actin-based layer lines along the equator from rabbit rigor muscle fibers in the bh&ence (
curve) and presence of MgQADR¢d curve. (B) Those from frog rigor muscle beforel(e curvg and during the 4.5%-} stretch (ed curvg. Note that

a small decrease in the 5.9-nm intensity occurs in the portion from the peak to the meridian upon adding MgADP and applying the stretch, whereas no
appreciable changes are observed in the 5.1-nm intensity.

changed (Fig. B; data not shown). This effect was found tion moves or flexes away from the 5.9-nm pitch-helical
after smaller stretches were applied, and thus the effect igack, causing an apparent shift of the center of mass of the
probably caused by better alignment of the decorated actiattached head closer to that of the catalytic domain, when
filaments. However, little change in the axial width of the they bind MgADP and when they are strained by stretch
2.7-nm reflection was detected during stretch (see F), 6 (see below). However, the magnitude of the conformational
indicating no significant change in the helical order of thechanges must be not as large as to bring about appreciable
actin filaments. Although better alignment of the actin fil- changes in the lateral profile of the 5.1-nm layer-line re-
aments affects the layer-line intensity profile, it is not re-flection and the equatorial intensities. The smallness in the
sponsible to the inner intensity change on the 5.9-nm layeobserved change would be because the mass involved in the
line. This may also be supported by the fact that the 5.1-nnmovement is a relatively small fraction of the total cross-
layer-line intensity was almost unchanged upon stretch. bridge mass. It is worth mentioning that the intensity
Therefore, in both cases the small intensity change of thehanges of the 14.4-nm-based reflections in a rigor muscle
5.9-nm layer line close to the meridian is genuine, possiblyinduced by stretch were in the opposite direction to those
coming from the small but significant structural alteration of during stretch applied to an actively contracting muscle
the attached cross-bridges in the outer portion, because tlf€anaka et al., 1991; Yagi et al., 1996), whereas the inten-
inner intensity distribution of this layer line in the rigor state sity change of the 5.9-nm reflection was in the same direc-
is shown to be sensitive to or be much influenced by thdion as it was in an actively contracting muscle (Takezawa,
structure of the outer portion of an attached head (Miller andSugimoto, Kobayashi, and Wakabayashi, in preparation).
Tregear, 1972; Holmes et al., 1980; Namba et al., 1980). IThe relaxed muscle produces little change in any reflection
the case of the ADP binding, this implication is consistentduring the oscillatory length changes, indicating that the
with a view from the measurements of mechanical stressigor linkages are needed to cause the intensity changes.
relaxation (Schoenberg and Eisenberg, 1987) and osmotithese results suggest strongly that the axial orientation of
stress applied to a rigor muscle (Xu et al., 1993) that thehe distal portion of the attached heads is different between
ADP-induced conformational change in a myosin cross-active and rigor states as argued previously for fluorescent
bridge may be localized in the portion away from the polarization signal changes (Irving et al., 1995; Berger et
actin-binding region. Thus, it is likely that the myosin headsal., 1996), and its displacement or flexing by stretch occurs
altered their attached conformation such that the distal porin similar directions in both states, leading to an inner
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FIGURE 6 (@) Axial intensity profiles around the 5.9-, 5.1-nm layer lines, and the 2.7-nm meridional reflection from rabbit rigor muscle fibers in the
absence®) and presence of MgGADR)). (B) Those from frog rigor muscle befor@®) and during the 4.5%-} stretch Q). In A andB, the intensity data
in the narrow range of & R = 0.018 nm * closest to the meridian were integrated (see Materials and Methods) and plotted along the filzedexaes
the reciprocal axial coordinate. Dashed and solid curves show the results of the Gaussian deconvolution for each reflection. Axial spacitigshaistbe ac
reflections were derived by determining their centers of gravity of the peaks. In the 5.1-nm reflection panel, 4.8 nm is the third order reflbetion of t

14.4-nm repeat.

intensity decrease in the 5.9-nm layer line. Thus, the intenfrom rigor muscles were examined. Fig. 6 shows the axial
sity increase of the 14.4-nm-based reflections observethtensity traces of the 5.9- and 5.1-nm layer-line and 2.7-nm
upon stretch and binding ADP indicates that the distaimeridional reflections, which were obtained by radial inte-
portion of the attached cross-bridge that flexes away frongration over the range of & R = 0.018 nm %, closest to
the 5.9-nm pitch-helical track moves toward the plane perthe meridian (see Materials and Methods). The centroids of
pendicular to the fiber axis, becoming more aligned with athe reflection profiles were determined by the Gaussian

thick filament repeat.

Axial spacing changes of the meridional and

layer-line reflections induced by the bind
MgADP and by the application of stretch

ing of

deconvolution method to an accuracy better than 0.01%
(Wakabayashi et al., 1994). The changes of the centroids of
all but one reflections were too small to measure when

MgADP was added to rigor muscle (Fig.A. In contrast,

the application of stretches shifted prominently the reflec-

tion centroids toward the low-angle side (FigBR

The effects of MgQADP binding and rapid stretches on the Fig. 7 shows the intensity traces of the 14.4-nm-based
axial spacings of the meridional and layer-line reflectionsmeridional reflections that were obtained by radial integra-
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FIGURE 7 () Axial intensity profiles of the first (14.4 nm), second (7.2 nm), and third (4.8 nm) order meridional reflections of the 14.4-nm repeat from
rabbit rigor muscle fibers in the absend@®) (and presence of MgADRY). (B) Those from frog rigor muscle befor@®) and during the 4.5%-} stretch

(O). In A andB, the intensity data were integrated in the radial range sf R = 0.022 nm'* covering the main meridional profiles. Dashed and solid

curves show the results of the Gaussian deconvolution, and the axial spacing of each reflection was determined as in Fig. 6. In the 14.4- and 7.2-nm
reflection panels, 12.7 nm and 6.3 nm are the third and sixth order reflections from the troponin repeat, respectively.

tion over the range of 6= R = 0.022 nm* covering the that of the 14.4-nm reflection changed little. In contrast,
main meridional profiles. Upon the addition of MgADP when the 4.5%-| stretch was applied, the spacings of the
(Fig. 7 A), the spacings of these reflections decreased by 2.7-nm reflection and 5.1- and 5.9-nm layer lines clearly
small but measurable extent. Distinct shifts toward the low-increased on average by 0.17, 0.27, and 0.13%, respectively,
angle side were observed in these reflections upon thand those of the 14.4-nm-based meridional reflections in-
application of stretch (Fig. B), showing an increase in the creased by 0.19% on average (Fig.B3. The spacing
axial spacing in real space. In Fig. 8, the spacing changes ahanges of the myosin-based reflections were slightly vari-
all these reflections are summarized as bar graphs. Aable from reflection to reflection in which the change of the
shown in Fig. 8A, the spacings of the actin-based reflec- 14.4-nm reflection spacing was smallest in both cases (see
tions changed little, but the 5.1-nm reflection showed abelow and Huxley et al., 1994). The spacing of the 3.9-nm
decrease 0f~0.2%, and the 7.2- and 4.8-nm myosin-basedmeridional reflection, which was referred above, showed a
reflections showed a decrease in spacingb§.08 and parallel change with those of the 14.4-nm-based reflections;
0.03%, respectively, upon the binding of MgADP, althoughthe same shift was also observed in the off-meridional
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A F relation with different fractional intensity changes of the
S e s s e 14.4- and 7.2-nm reflections from those upon the binding of
= 2.7-5.1-5.9—14.47.2-4.6-3.9-2.9 ADP. There also seems to be a difference in the fractional
= A AL spacing change of the different myosin-based reflections.
= This may be attributed to an alteration of the sampling
/m - function caused by a change in the distance between the two
L;} -0.10F cross-bridge regions in the A-band as well as to a different
= contribution of the cross-bridge and backbone form factors.
§ I It is noteworthy that there was a differential spacing
-0.20[ change in the three actin-based reflections when applied the
R : _ 4.5%-L, stretch (Fig. 8). This finding reveals that passive
oo [ elongation of the thin filaments in the rigor muscle associ-
ated with a twisting change in the actin helical structure, as
B oeo—— Rigor > Stretch of 4.5%L0) . argued in a contracting muscle (Wakabayashi et al., 1994).
lic el — ' For instance, the right-handed genetic helix is unwound,
% sank o leading to a filament rotation of-60° at its pointed end
el | <0.27> <0.26>... 010y when the tension was scaled to a 100% active value. The
b= <0.1 ?’,—;—<0_13> [.<0.22>  _g.20» extension and twisting natures of the actin filaments in a
g sk i rigor muscle are very similar to those of the filaments
o I observed in an actively contracting muscle (Wakabayashi et
B - P L al., 1994; Huxley et al., 1994), implying that the mechanical
‘% 0.00} i properties of the actin filaments do not depend upon the
Lo 2:7.5.1.5:9 14.47.2 4.8.3.9.2.9 states of muscle.
- Actin Myosin

FIGURE 8 (&) Axial spacing changes of the first (14.4 nm), second (7.2 DISCUSSION
nm), and third (4.8 nm) order meridional reflections of the 14.4-nm repeat, . .
upon the addition of MgADP to rabbit rigor fiber8)Those of the 2.7-nm Active force of muscle is thotht to be generated by a
meridional reflection, 5.1-, and 5.9-nm layer lines together with the first,Change in the configuration or a movement of cross-bridges,
second, third, and fifth (2.9 nm) order reflections of the 14.4-nm repeat anctoupled to ATP hydrolysis cycle_ Efforts have been made to
the 3.9-nm reflection by the application of the 4.5%dtretch to frog_rigor_ identify the intermediate states in this cycle and to deter-
muscle. InA andB, the changes are expressed relative tothe spacings in th ;o their structures. The present x-ray diffraction provides
rigor state, respectively. Each set of the bar graph is the mean of three . . .
observations, each of which came from one muscle. The bar shows th%trong evidence that the chemical and mechanical states
associated SEM. The average values are given in brackets. produced by an addition of MgADP (a product of ATP
hydrolysis) and by the application of stretch to rigor mus-
cles have a conformation similar to each other but different
subsidiary maximum. According to our recent resultsfrom that in the rigor state.
(Takezawa et al., 1998; Takezawa et al., in preparation), the
average values of all these reflection spacings changed
Imegrly w ith the magnlt'ude' of the applied strg tches (.' ©-possible structural changes of the attached
tension increments), indicating that the underlying elastlcltycmss_bri dges
of the thin and thick filaments in the rigor lattice is Hooke-
nian. When the tension at a 4.5%-$tretch was scaled to a Mechanical measurements (Rodger and Tregear, 1974;
100% active tension (see Materials and Methods), the spadarston et al., 1976; Schoenberg and Eisenberg, 1987,
ing increases of the 2.7-nm actin-based and the 14.4-nnbantzig et al., 1991; Xu et al., 1993; Allen et al., 1996) have
based meridional reflections amountedt6.32 and 0.40%, shown that the binding of ADP to the attached myosin heads
respectively, corresponding to 3-nm extension of the thirresults in a small reduction (10—-20%) in rigor tension and
and thick filaments per half sarcomere. These results showadial rigor stiffness, implying that some structural alter-
that the compliance of both thin and thick filaments in aation rather than detachment is induced in attached cross-
rigor sarcomere is nearly identical to that estimated in arbridges. An early x-ray diffraction study failed to detect any
active muscle (Wakabayashi et al., 1994; Huxley et al.corresponding change, probably because of the smallness of
1994; Higuchi et al., 1995). Although it is not straightfor- the change and longer times over which the x-ray experi-
ward to estimate the cross-bridge compliance itself (seenents were run (Rodger and Tregear, 1974). However,
Discussion), the attached heads can also deform elasticalgmall but significant intensity changes of the 14.4-nm-based
in response to the stress or the binding of ADP (Tawada andheridional reflections and of the 5.9-nm actin-based layer
Kimura, 1986; Irving et al., 1992; Suda et al., 1995; Lom-line reflecting underlying structural changes were clearly
bardi et al.,, 1995). The filament extension may have ashown by our present x-ray quantitation. Upon the binding
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of ADP, similar changes in the 14.4-nm-based reflectionsPreliminary modeling structural changes of the
have already been observed by Takemori et al. (1995) for attached cross-bridges
frog skinned fiber, and most recently concerted results wer

also reported by Xu et al. (1998) for skinned rabbit psoa%rom several lines of evidence, the observed changes are in

fibers at 4°C usina svnchrotron radiation he correct direction to the explanation that the stretch and
In th i ? dy " h th t.th licati gADP-induced structural changes or rearrangements are
h the present study, 1t was shown that the applicalion 0t 4164 1o some backward movements of the distal portion

s_tre_tch to rigor frog muscle produce.d i_ntensity ch_angesof the attached cross-bridge and do not affect the binding
similar to those brought about by the binding of ADP inthe 5 of the head to actin. The detailed modeling studies

x-ray pattern of rigor rabbit muscle. The effects by stretch |4 pe needed to substantiate it. However, it is not
and ADP binding to rigor fibers are the coordinated changegrajghtforward to quantify the magnitude of the conforma-
in the 5.9-nm actin-based reflections and the 14.4-nm Myiona| change from such small and restricted intensity
osin-based reflections, suggesting that these two effects qthanges. Furthermore, the rigor structure of the thin fila-
the x-ray intensities can be related to each other. Howevements in a vertebrate muscle is not fully understood: an
the intensity changes of the 5.9-nm layer line that arqnderstanding of how the cross-bridges maintain a 14.4-nm
significant are quite small (at most8% decrease) and repeat and attach to actin at an incommensulate repeat of
confined to the inner part close to the meridian. Although~37 nm. In vertebrate muscle the binding pattern of myosin
the 14.4- and 7.2-nm reflections change considerably, theross-bridges on the actin filaments is not so regular as in
major intensity changes of the meridional reflections with ainvertebrate muscle (Holmes et al., 1980; Namba et al.,
14.4-nm-repeat are restricted mostly to these innermost tw®980) and is of some statistical nature (Haselgrove and
reflections. Thus, a small localized or restricted change irReedy, 1978; Squire and Harford, 1988). Thus, the function
the structure of an attached cross-bridge may suffice talescribing the actin occupancy by myosin has not been
cause the intensity changes. In the rigor state, it is thoughdetermined. Furthermore, the two attached heads of each
that relatively strong intensities of the 14.4-nm-based memyosin cross-bridge are strained in rigor muscle (e.g.,
ridional reflections relate to docking of the distal part of aArata, 1990). In addition, the 14.4-nm-based meridional
cross-bridge with the thick filament repeat. Although thisintensities are determined by interference between the
docking is relatively weak in rigor, when the stretch is cross-bridges and the backbone structure of the thick fila-
applied or when ADP binds, more cross-bridge mass in théhents. We have no information as regards the phase relation
distal portion would become aligned with the thick filament between them and also little information about the bound
origins, contributing to an intensity increase in the 14.4-nm-Structure of the regulatory proteins, particularly troponin.
based reflections. As mentioned previously, the intensityThese make the precise modeling difficult to simulate. At

response of the 14.4-nm reflection to a sinusoidal lengtihe Present stage, instead of performing a quantitative mod-

changes is reverse between rigor and contracting muscle§ing, We tried to see how the observed intensity changes

This intensity reversal is quite consistent with that of po-¢&Mn P& shown up by using an unstrained docking structure of
larization signals from fluorescence probes bound on th keletal myosin S1 on th‘? actin filament, .Wh'Ch was derived
regulatory light chain of the myosin head in a skeletal y Mendelson and Morrl_s (1997). Starting fro”ﬁ the full-

muscle (Irving et al., 1995) reporting that stretching thedecorated S1 structure without regulatory proteins, and as-

fibers in rigor changes the orientation of the light chain>4MNg that the actin occupancy by S1 is equal to or less

region of the attached head in the direction away from thethan 0.6, the full decorated structure was modulated by a

. . ) robability function for the binding with a 14.4-nm myosin
fiber axis. In contrast, rhodamine probes on the Cys?Ofepeat or a multiple of it (e.g., Yagi, 1996). Under such a

o o . . Statistical decoration over the actin filaments, modeling of
f[helr orientation in rigor durlpg S|m|!ar Iength changes .(Irv- the conformational changes of the attached S1 has been
ing et al., 1995). The coordinated intensity decrease in the,,,cted to simulate the observed intensity changes. The
5.9-nm layer line close to the meridian can be made out by ming acids of the actin and S1 molecules were built up by
such a movement of the distal portion of the cross-bridgegpherical balls with a 0.6-nm diameter. The possible struc-
because the mtens!ty of this portion in the rigor state hag e induced by stretch or upon the binding of ADP was
shown to be much influenced by the structure of the outegxamined by changing the orientation of the distal portion
por"t|on of an attachgd c.roste,-bndge as ment|one.d abovyf hound heads. In the calculation, the partially decorated
This rearrangement implicating a backward rotation or aactin filament structure was directly transformed without
lever-arm-like movement would make the mass distributionthe use of the helical symmetry. To reduce the strong
of the heads projected onto the filament axis narrow, but denterference between the actin and attached S1, which ap-
not affect the mass distribution projected onto the plangears on the 5.1-nm and 5.9-nm actin layer lines, it was
perpendicular to the fiber axis, because the equatorial innecessary to fluctuate the distal portion of the attached
tensities remained mostly unchanged. If it is the case, ouneads around the fixed angle. Our present modeling sug-
x-ray results upon stretch are consistent with the early x-ragested that the observed intensity change of the 5.9-nm
result by Naylor and Podolsky (1981). layer line could be realized by an axial (backward) rotation
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of an attached S1 tail portion by 10-20° with 20-30° decreases. As evidenced from a slight decrease in the axial
disorder toward the M-line of the sarcomere, correspondingeflection width and an increase in the axial reflection
to a 1-2 nm movement of the tip of anhelical tail. Thus, spacing upon stretch, the increased cross-bridge order and
such a backward rotation or movement leads to the intensitgn alteration of the thick filament backbone structure in-
changes of the 5.9-nm actin reflection and the 14.4-nmeluding an S2 part may modify the meridional intensities of
based meridional reflections as in the observed manner: thee 14.4-nm repeat without changing the cross-bridge struc-
models revealed that the center of mass of the bound headsre, because interference between the cross-bridges and the
shifted closer to that of the catalytic domain, and more masbackbone structure governs their intensities. It is uncertain
in the light chain-binding domain became aligned with awhether such better regularity of the backbone structure and
thick filament-repeat. Fig. 9 depicts an example of ourcross-bridges can make out solely the intensity changes of
modeling conformational changes of attached heads (Fig. these first and second order reflections with a 14.4-nm
A), and calculated intensity behaviors of the 5.9- and 5.1-nnmmepeat as observed. Alternatively, the shift in the axial
layer lines and the 14.4-nm meridional reflection (Fid)9  spacing of the thick filaments may be caused by a change in
The resulting large disorder reflects the wide orientationthe distance between the two cross-bridge regions and alters
distribution of bound myosin heads on the actin filament.the sampling function along the meridian in the x-ray pat-
More detailed modeling will be reported elsewhere. tern, leading to the intensity changes.

Alternative explanations Relationship to other work

Although the 14.4- and 7.2-nm reflections change considThe recent three-dimensional reconstructions of cryoelec-
erably in both cases, the major intensity changes of théron microscopy images show a large conformational
meridional reflections with a 14.4-nm repeat are restrictecchange or backward movement in the distal portion of a
to these inner two reflections. Also, the intensity change osmooth muscle S1 decorated in the actin filaments in the
the 5.9-nm layer line is very small and confined to the partpresence of MgADP (Whittaker et al., 1995). But this same
close to the meridian. No significant intensity changes werehange has not been seen using a skeletal muscle S1 (Jontes
found in the other actin-based reflections as well as thand Milligan, 1997). Our modeling suggests that the mag-
myosin-based reflections. It may be unlikely that a struc-nitude of the changes expected on the basis of our x-ray
tural change in a cross-bridge produces intensity changes oésults is not as large as those shown up in such a recon-
only a small number of reflections. Thus, the observed x-raystructed image, consistent with the recent x-ray results on
changes may be caused by a structural alteration other thahe thin actin filaments in an overstretched muscle in which
that described above. the actin filaments were fully decorated exogenously with
As mentioned above, although a large-scale redistributioskeletal S1 by Poole et al. (1998). A number of spectro-
of the attached cross-bridges is unlikely, the x-ray diffrac-scopic probe studies (Arata, 1990; Hambly et al., 1991;
tion results do not completely exclude the possibility of Allen et al., 1996; Gollub et al., 1996; Baker et al., 1998)
dissociation or relaxation of cross-bridges upon the bindindhave suggested that unlike in a smooth muscle S1, little or
of ADP or by stretch, because an ADP binding or stretchvery small movement occurs in the light chain-binding
may reduce the affinity of cross-bridges for actin, slightdomain of a skeletal muscle S1 in decorated muscle fibers
relaxation leading to affect the intensity of the 5.9-nm layeror intrinsic myosin heads in striated muscle fibers upon the
line, particularly in the inner region near the meridian (e.g.,binding of ADP. Possible explanations for this difference
Kim et al., 1998). The intensity decrease of the 5.9-nm layebetween smooth and skeletal S1s have been discussed (Gol-
line is at most-8% in both cases. This value may representJub et al., 1996; Barsotti et al., 1996). In contrast, a rotary-
if any, ~4% detachment of cross-bridges, which could beshadowing EM study on the skeletal myosin molecules in
escaped to detect in EPR and birefringence measuremensolution suggested that there exist the heads with a straight
However, such a small detachment can not explain a largeorm in equilibrium with those with a bent form and the
intensity increase in the 14.4- and 7.2-nm reflections. Furpopulation of heads with a bent form increases in the
thermore, Xu et al. (1998) reported that upon the binding ofppresence of ADP (Tokunaga et al., 1991). In addition, recent
ADP the intensity increase of the 14.4- and 7.2-nm reflecx-ray solution scattering studies have revealed a significant
tions occurred even at low temperature where relaxatiomlecrease in the radius of gyration jRf a chicken skeletal
would lead to a decrease in these reflection intensitiesmuscle S1 in the presence of MgADP. Although the change
During stretch the actin filaments are elongated and thisn R, (~0.2 nm) was less than that-0.3 nm) observed in
elongation accompanies by a slight twisting of the left-the presence of ATP, the analysis shows that sizable bend
handed helices. The apparent outward shift of the 5.9-nnng of the molecule is occurring upon the binding of ADP
layer-line centroid (Fig. 3) can be explained if such a (Sugimoto et al., 1995, 1996; Sugimoto, Tokunaga, and
twisting causes a decrease in a radius of the left-handed/akabayashi, submitted for publication). Most recently,
genetic helix. However, the same change of this layer line iKatayama (1998) using a quick freeze deep-etch EM tech-
seen upon the binding of ADP (Fig.A where the tension nigue showed that in the presence of ADP the myosin heads
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FIGURE 9 An example of modeling
structural changes of the myosin head
bound to actin, which explains the ob-
served intensity change#\)(Modeling us-
ing the atomic structures. The F-actin
structure decorated by S1 (Mendelson and
Morris, 1997) was taken from the Protein
Data Bank (identification code; 1alm.pdb),
in which one actin ed)-S1 (@reer) com-
plex is shown by the atomic structures. In
our present modeling (see text), the light
chain-binding region was rotated at around
a Cys707 residue toward the M-line of the
sarcomere while retaining the orientation
of the catalytic domain in order to produce
the observed intensity profile change in the
5.9-nm layer line (blue color). In the initial
structure, the angled) of the long axis of
the light chain-binding region against the
filament axis is~117° with about 30° dis-
order. B) Calculated intensity behavior of
the 5.9- and 5.1-nm layer lines and the
14.4-nm meridional reflection when the
angle,6, was varied from 117° toward the
M-line. The angle changes of 10—-20° may
match the observed intensity changes.
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chain-binding domain similar to that induced upon the ad-Amemiya, Y. 1995. Imaging plates for use with synchrotron radiation.
dition of MgADP. Such conformational changes may be J- Synchrotron Rad2:13-21.

I nsistent with the r ntr I f Irvin I (1 memiya, Y., K. Wakaba_yashi, T. Hame_anaka, T. Wakabayashi, H. Hashi-
also consistent with the recent results o geta ( 9951\ zume, and T. Matsushita. 1983. Design of a small-angle x-ray diffrac-

a'nd .S.abino'DaVid ?t al. (19_98) V\_’ho observed a small but (ometer using synchrotron radiation at the Photon Facthiycl. In-
significant change in the orientation of fluorescent probes strum. Methods208:471-477.

attached to the myosin light chain when the rigor muscleAmemiya, Y., K. Wallkat;alyashi, H. Tanaka,dY. Ueno, and J. Méyfé;lhara-
: : 1987. Laser-stimulated luminescence used to measure x-ray diffraction
fiber was stretched. The ch.anges also |ncluc!e the Ipcal of a contracting muscléScience 237:164—168.

change around a Cys707 residue on the catalytic domain f ;5 T 1990. Orientation of spin-labeled light chain 2 of myosin head in
a head (Fajer et al., 1990; Burghardt et al., 1997) as well as muscle fibersJ. Mol. Biol. 214:471—-478.

in an S2 part. Such movements may also explain the osciBaker, J. E., I. Brust-Mascher, S. Ramachandran, L. E. W. LaConte, and

Iatory intensity changes of the 14.4-nm reflection when D-D. Thomas, 1998. A large and distinct rotation of the myosin light
chain domain occurs upon muscle contractiBnoc. Natl. Acad. Sci.

slow (Tanaka et al., 1991) and fast (Yagi et al., 1996) ;A 95:2944-29409.

sinusoidal length perturbations were applied to rigor musgarsotti, R. J., J. A. Dantzig, and Y. E. Goldman. 1996. Myosin isoforms
cles. The smallness in the observed change would be be-show different strokes for different blokeat. Struc. Bial 3:737-739.

cause of the mass involved in the movement is only a smaperger, C. L., J. S. Craik, D. R. Trentham, J. E. T. Corrie, and T. E.

: : : . Goldman. 1996. Fluorescence polarization of skeletal muscle fibers
fraction of the total cross-bridge mass. These relations in- 2, -\ vk thodamine isomer on the myosin heavy chiiaphys. J

dicate that the myosin cross-bridge can elastically deform. 71:3330-3343.

Burghardt, T. P., S. P. Garamszegi, and K. Ajtai. 1997. Probes bound to
myosin Cys-707 rotate during length transients in contractiRnoc.
CONCLUSION Natl. Acad. Sci. USA94:9631-9636.

Cooke, R. 1981. Stress does not alter the conformation of a domain of the
The present x-ray measurements showed that small butmyosin cross-bridge in rigor muscle fibréature (London)294:570-571.
significant intensity changes of the actin and myosin-base@ooke, R., and K. Franks. 1980. All myosin heads form bonds with actin
reflections were induced when stretch was app“ed and in rigor rabbit skeletal muscldBiochemistry 19:2265-2269.

MgADP bound to rigor muscles. These coordinated change82antzig. J. A., M. G. Hibbert, D. R. Trentham, and Y. E. Goldman. 1991.
L hat stretch d ADP bindi ¢ diat Cross-bridge kinetics in the presence of MgADP in rabbit psoas muscle
indicate that stretch an inding seem to mediate fpres 3 Physiol 432:639- 680,

similar structural changes (i.e., a backward rotation or @jos Remedios, C. G., G. C. Milliken, and M. F. Morales. 1972. Polarization
lever-arm-like movement) in a light chain-binding domain of tryptophan fluorescence from single striated muscle fibérssen.

of the attached myosin head. The observations may provide Physiol 59:103-120.

[ ; : . . Fajer, P. G., E. A. Fajer, J. J. Matta, and D. D. Thomas. 1990. Effect of
a further insight into energy transduction in muscle; both ADP on the orientation of spin-labeled myosin heads in muscle fibers.

chemical (ADP binding) and mechanical (stretch) interven- Biochemistry 29:5865-5871.
tions can reverse the contractile cycle by causing a backsollub, J., C. R. Cremo, and R. Cooke. 1996. ADP release produces

ward movement of this domain of attached heads in the rotation of the neck region of smooth myosin but not skeletal myosin.
rigor state Nat. Struc. Biol 3:796—802.

L . . . .Hambly, B., K. Franks, and R. Cooke. 1991. Orientation of spin-labeled
What is distressing about the x-ray observations is their jignt chain-2 exchanged onto myosin cross-bridges in glycerinated mus-

apparent discrepancy to the EPR and fluorescent polariza- cle fibers.Biophys. J59:127-138.
tion studies that detected little and very small movement offanson, J., E. J. O'Brien, and P. M. Bennett. 1971. Structure of the

; ; myosin-containing filament assembly (A-segment) separated from frog
probes in skeletal muscle. Although the spectroscopic data skelotal muscled. Mol. Biol. 58-865-871.

dF’ not provide exc;luswe explanation (see S.u'gl, 1998)'. th'%aselgrove, J. C. 1975. X-ray evidence for conformational changes in the

discrepancy remains to be resolved by additional studies. myosin filaments of vertebrate striated musdleMol. Biol. 92:113-143.
Haselgrove, J. C., and M. K. Reedy, 1978. Modelling rigor cross-bridge

patterns in muscle: initial studies of the rigor lattice of insect flight

We thank Dr. Y. Amemiya (University of Tokyo) for his technical help muscle.Biophys. J 24:713-728.

throughout x-ray experiments at the Photon Factory, Professor H. Eniguchi, H., T. Yanagida, and Y. E. Goldman. 1995. Compliance of thin

Huxley (Brandeis University) for his valuable comments in an early stage, filaments in skinned fibers of rabbit skeletal musdiiophys. J.69:

and Dr. T. C. Irving (BioCat, lllinois Institute of Technology) for discus- 1000-1010.



Takezawa et al. Backward Movements of the Rigor Cross-Bridges 1783

Holmes, K. C., R. T. Tregear, and J. Barrington Leigh. 1980. InterpretationSchoenberg, M., and E. Eisenberg. 1987. ADP binding to myosin cross-
of the low angle x-ray diffraction from insect flight muscle in rigor. bridges and its effect on the cross-bridge detachment rate constant.
Proc. R. Soc. LondB207:13-33. J. Gen. Physiol89:905-920.

Huxley, H. E., and W. Brown. 1967. The low-angle x-ray diagram of Squire, J. M. 1981. The Structural Basis of Muscular Contraction. Plenum
vertebrate striated muscle and its behaviour during contraction and rigor. Press, New York. 255-259.

J. Mol. Biol. 30:383-434. Squire, J. M., and J. J. Harford. 1988. Actin filament organisation and

Huxley, H. E., A. Stewart, H. Sosa, and T. C. Irving. 1994. X-ray diffrac- myosin head labelling patterns in vertebrate skeletal muscles in the rigor
tion measurements of the extensibility of actin and myosin filaments in  and weak-binding stated. Muscle Res. Cell Motil9:344 -358.
contracting muscleBiophys. J67:2411-2421. Suda, H., M. Sugimoto, M. Chiba, and C. Uemura. 1995. Direct measure-

Irving, M., T. St. C. Allen, C. Sabid-David, J. S. Craik, B. Brandmeiner, J. ment for elasticity of myosin headdiochim. Biophys. Res. Comm
Kendrick-Jones, J. E. T. Corrie, D. R. Trentham, and Y. E. Goldman. 211:219-225.

1995. Tilting of the light-chain region of myosin during step length Sugi, H. (Editor). 1998. Current Methods in Muscle Physiology—
changes and active force generation in skeletal mulielire (London) Advantages, Problems and Limitations. Oxford University Press, Ox-
375:688-691. ford, U.K.

Irving, M., V. Lombardi, G. Piazzesi, and M. A. Ferenczi. 1992. Myosin Sugimoto, Y., M. Tokunaga, Y. Takezawa, M. Ikebe, and K. Wakabayashi.
head movements are synchronous with the elementary force-generating 1995. Conformational changes of the myosin heads during hydrolysis of
process in muscleNature (London)357:156-158. ATP as analyzed by x-ray solution scatterifgjophys. J 68:29s—34s.

Jontes, J. D., and R. A. Milligan. 1997. Brush border myosin-I structureSugimoto, Y., M. Tokunaga, Y. Takezawa, and K. Wakabayashi. 1996.
and ADP-dependent conformational changes revealed by cryoelectron Conformational changes of skeletal muscle myosin subfragment-1 by
microscopy and image analysik. Cell Biol 139:683—-693. binding of MgADP, MgADP-aluminium fluoride and MgADP-

Katayama, E. 1998. Quick-freeze deep-etch electron microscopy of the bewlligm fluoride J. M“SCI? Res. Cell M(?tiI17:286a. _
actin-heavy meromyosin complex during the in vitro motility assay. Takemori, S., M. Yamaguchi, and N. Yagi. 1995. Effects of adenosine
J. Mol. Biol. 278:349-367. diphosphate on the structure of myosin cross-bridges: an x-ray diffrac-

Kim, D-S., Y. Takezawa, M. Ogino, T. Kobayashi, T. Arata, and K tion study on a single skinned frog muscle fibde.Muscle Res. Cell
Wakabayashi. 1998. X-ray diffraction studies on the structural changes Motil. 16:571-577.

of rigor muscles induced by binding of phosphate analogs in the presTakezawa, Y., D-S. Kim, T. Kobayashi, H. Tanaka, and K. Wakabayashi.
ence of MgADP Biophys. Chem74:71-82. 1996. The effect of stretch on the structure of frog skeletal muscle in the

Kim, D-S., Y. Takezawa, Y. Sugimoto, T. Kobayashi, T. Arata, and K. rigor state by x-ray diffractionJ. Muscle Res. Cell Motill7:278a.
Wakabayashi. 1996. The effects of MgADP, MgADP-vanadate andTakezawa, Y., Y. Sugimoto, and K. Wakabayashi. 1998. Extensibility of
MgADP-metallofluorides on the structure of glycerinated rabbit skeletal the actin and myosin filaments in various states of skeletal muscle as
muscle studied by x-ray diffractiod. Muscle Res. Cell MotilL 7:286a. studied by x-ray diffractionAdv. Exp. Med. Biolln press.

Lombardi, V., G. Piazzesi, M. A. Ferenczi, H. Thirlwell, I. Dobbie, and M. Tanaka, H., K. Wakabayashi, and Y. Amemiya. 1991. Changes in the x-ray
Irving. 1995. Elastic distortion of myosin heads and repriming of the diffraction pattern from rigor muscles by application of external length

working stroke in muscleNature (London)374:553-555. changesAdv. Biophys27:105-114.

Lovell, S. J., and W. F. Harrington. 1981. Measurement of the fraction of@M€r, J. W., D. D. Thomas, and Y. E. Goldman. 1992. Transients in
myosin heads bound to actin in rabbit skeletal myofibrils in rigoMol. orientation of a fluorescent cross-bridge probe following photolysis of
Biol. 149:659—674. caged nucleotides in skeletal muscle fibeksMol. Biol. 223:185-203.

Marston, S. B. 1973. The nucleotide complexes of myosin in glycerinated:rawada' K., and M. Kimura. 1984. Stiffness of glycerinated rabbit psoas in

extracted muscle fiber&iochim. Biophys. Acta305:397-412. the rigor stateBiophys. J 45:593-602.

Marston. S. B.. C. D. Rodger. and R. T. Tregear. 1976. Changes in muscl‘gawada, K., and M. Kimura. 1986. Stiffness of carbodiimide-crosslinked
crossBrid e's’ Whérﬁ glimi’do-ATF; Bindsgto m osiﬁ.] Mogl Biol glycerinated muscle fibres in rigor and relaxing solutions at high salt
104'263—g276 R y - ' ) concentrations]. Muscle Res. Cell Motil7:339-350.

. . Thomas, D. D., and R. Cooke. 1980. Orientation of spin-labelled myosin
Mendelson, R., and E. P. Morris. 1997. The structure of the acto-myosin heads in glycerinated muscle fibeBiophys. J.32:891-906.

subfragment 1 complex: results of searches using data from electron ;
microscopy and x-ray crystallographyroc. Natl. Acad. Sci. USA Tokunaga, M., K. Sutoh, and T. Wakabe_ayashl. 1991. Structure and struc-
94:8533—8538. tural change of the myosin heafldv. Biophys27:157-167.

Miller, A., and R. T. Tregear. 1972. Structure of insect fibriller flight Wakabayashi, K., and Y. Amemiya. 1991. Progress in x-ray synchrotron

muscle in the presence and absence of ATRVol. Biol. 70:85-104. dlffr('_;\ct_lon studies of muscle _contractlorm Handbook on Syn(_:hrotrc_)n
. L . Radiation. Vol. 4. S. Ebashi, M. Koch, and E. Rubenstein, editors.

Namba, K., K. Wakabayashi, and T. Mitsui. 1980. X-ray structure analysis \orth-Holland. Amsterdam. 597—678.
of th_e thin filament of crab striated muscle in the rigor statéol. Biol Wakabayashi, K., Y. Sugimoto, H. Tanaka, Y. Ueno, Y. Takezawa, and Y.
138:1-26. d X ! : e .

. . . Amemiya. 1994. X-ray diffraction evidence for the extensibility of actin and

Naylor, IG.f'E. S., and R{:J' Pﬁldo:siY- %19881-_xl:,'g%g'_f;rsa;g°’5‘5‘g33tra'“ed myosin filaments during muscle contracti@iophys. J67:2422—2435.
rﬁusce I0€ers In rigor .roc. atl. Acad. (?" - R o Whittaker, M., E. M. Wilson-Kubalek, J. E. Smith, L. Faust, R. A.

Obiorah, O., and M. Irving. 1989. ADP binding to rigor crossbridges jlligan, and H. L. Sweeney. 1995. A 35 A movement of smooth muscle
produces no major change in their conformatiBiophys. J 55:9a. myosin on ADP releasédNature (London)378:748—751.

Podolsky, R. J., G. R. S. Naylor, and T. Arata. 1982. Cross-bridge propxu, S-G., B. Brenner, and L. C. Yu. 1993. State-dependent radial elasticity
erties in the rigor statdn Basic Biology of Muscles: A Comparative  of attached cross-bridges in single skinned fibers of rabbit psoas muscle.
Approach. B. M. Twarog, R. J. C. Levine, and M. M. Dewey, editors.  J. Physiol 465:749—765.

Raven Press, New York. 79-89. _ Xu, S-G., J. Gu, S. Frisbie, and L. C. Yu. 1998. Structural changes in rigor

Poole, K. J. V., M. Lorenz, K. C. Holmes, P. Ellison, and M. Fuch. 1998.  (nucleotide-free) cross-bridges induced by the addition of MgADP.
A fibre diffraction and atomic modelling study of the actomyosin com-  Biophys. J.74:363a.
plex. The Sixth International Conference on Biophysics and Synchrotroryagi' N. 1996. Labelling of thin filaments by myosin heads in contracting

Radiation. Argonne, lllinois. 48. (Abstr.) and rigor vertebrate skeletal muscleActa Crystallogr D52:
Rodger, C. D., and R. T. Tregear. 1974. Crossbridge angle when ADP is 1169-1173.
bound to myosinJ. Mol. Biol. 86:495-497. Yagi, N., K. Wakabayashi, H. lwamoto, K. Horiuti, I. Kojima, T. C. Irving,

Sabino-David, C., S. C. Hopkins, L. D. Saraswat, S. Lowey, Y. E. Gold- T. Majima, Y. Takezawa, Y. Sugimoto, S. Iwamoto, Y. Amemiya, and
man, and M. Irving. 1998. Orientation changes of fluorescent probes at M. Ando. 1996. Small-angle x-ray diffraction of muscle using undulator
five sites on the myosin regulatory light chain during contraction of radiation from the Tristan main ring at KEKl. Synchrotron Rad
single skeletal muscle fibred. Mol. Biol 279:387—-402. 3:305-312.



