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ABSTRACT The thick filaments of mammalian and avian skeletal muscle fibers are disordered at low temperature, but
become increasingly ordered into an helical structure as the temperature is raised. Wray and colleagues (Schlichting, I., and
J. Wray. 1986. J. Muscle Res. Cell Motil. 7:79; Wray, J., R. S. Goody, and K. Holmes. 1986. Adv. Exp. Med. Biol. 226:49–59)
interpreted the transition as reflecting a coupling between nucleotide state and global conformation with M�ATP (disordered)
being favored at 0°C and M�ADP�Pi (ordered) at 20°C. However, hitherto this has been limited to a qualitative correlation and
the biochemical state of the myosin heads required to obtain the helical array has not been unequivocally identified. In the
present study we have critically tested whether the helical arrangement of the myosin heads requires the M�ADP�Pi state.
X-ray diffraction patterns were recorded from skinned rabbit psoas muscle fiber bundles stretched to non-overlap to avoid
complications due to interaction with actin. The effect of temperature on the intensities of the myosin-based layer lines and
on the phosphate burst of myosin hydrolyzing ATP in solution were examined under closely matched conditions. The results
showed that the fraction of myosin mass in the helix closely followed that of the fraction of myosin in the M�ADP�Pi state.
Similar results were found by using a series of nucleoside triphosphates, including CTP and GTP. In addition, fibers treated
by N-phenylmaleimide (Barnett, V. A., A. Ehrlich, and M. Schoenberg. 1992. Biophys. J. 61:358–367) so that the myosin was
exclusively in the M�ATP state revealed no helical order. Diffraction patterns from muscle fibers in nucleotide-free and in
ADP-containing solutions did not show helical structure. All these confirmed that in the presence of nucleotides, the M�NDP�Pi

state is required for helical order. We also found that the spacing of the third meridional reflection of the thick filament is linked
to the helical order. The spacing in the ordered M�NDP�Pi state is 143.4 Å, but in the disordered state, it is 144.2 Å. This may
be explained by the different interference functions for the myosin heads and the thick filament backbone.

INTRODUCTION

In relaxed mammalian and avian skeletal muscle, the struc-
ture of the thick filament is strikingly dependent on tem-
perature. The thick filament has three strands (Squire, 1972;
Maw and Rowe, 1980) of 91 right-handed helices with a 429
Å repeat in 143 Å axial intervals (Huxley and Brown,
1967). At or near physiological temperature (�20°C), the
myosin heads (cross-bridges) are helically arranged around
the backbone shaft of the filament. However, when the
temperature is lowered, the helical structure becomes in-
creasingly disordered (Wray, 1987; Wakabayashi et al.
1988; Lowy et al. 1991; Kensler and Woodhead, 1995;
Malinchik et al., 1997).

Wray and colleagues (Schlichting and Wray, 1986; Rapp
et al., 1991) proposed that hydrolysis of ATP on the myosin
heads could promote their ordering on the filament back-
bone. The ATP hydrolysis mechanism of actomyosin alter-
nates between myosin intermediates that bind to actin
strongly (ADP or no nucleotide in the myosin active site) or

weakly (ATP or ADP and Pi bound to myosin):

slow fast
AM � ATPN AM�ATP N AM�ADP�Pi 3 AM�ADP3 AM � ADP � Pi
) ) ) ) )

fast slow
M � ATP N M�ATP N M�ADP�Pi 3 M�ADP 3 M � ADP � Pi

(1)

where M is myosin and A is actin. The myosin, when it is
not interacting with actin, is either in the pre-hydrolysis
state M�ATP or in the post-hydrolysis state M�ADP�Pi, be-
cause the rate of product release is slow. Wray proposed that
increasing temperature produced greater order in the thick
filament by shifting the equilibrium from the M�ATP state
toward the hydrolyzed M�ADP�Pi state. This was based on
the observation that the order-disorder transition appeared
to follow a similar trend in its temperature dependence to
that of the M�ATP ^ M�ADP�Pi equilibrium in solution
(Taylor, 1977). However, a quantitative correlation between
the biochemical state and the structure of the thick filament
in muscle fibers was not established.

The purpose of the present study was to critically test
whether the helical arrangement of cross-bridges did indeed
require the M�ADP�Pi state. Our experiments were designed
to compare the effects of temperature on the x-ray pattern of
relaxed muscle and on the phosphate burst of myosin hy-
drolyzing ATP under closely matched conditions. We have
also taken advantage of the fact that the equilibrium of the
hydrolytic step strongly depends on the nucleotide. For
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GTP, the equilibrium lies strongly in favor of M�GTP; for
CTP it lies in favor of the M�CDP�Pi state. We have there-
fore examined how changing the nucleotide affects the
x-ray pattern. We have also blocked the hydrolysis step
using N-phenylmaleimide, so that diffraction from muscle
exclusively in the M�ATP state could be examined. Muscle
fibers were stretched beyond filament overlap to avoid
complications arising from actomyosin interactions. Our
results show that the M�NDP�Pi state is required for helical
order. Preliminary results have been presented previously
(Xu and Yu, 1998).

METHODS

Muscle preparation and solutions

Stretched muscle fibers

All experiments were performed on chemically skinned bundles of rabbit
M psoas major. Only single bundles, fasciculi, �0.3 mm � 0.6 mm in
cross section that were separated by sheaths of perimysium, were used. The
bundles, �30 mm in length, were dissected with great care (see Xu et al.,
1997). A single bundle was mounted in a specimen chamber for x-ray
diffraction experiments equipped with a motor (Micro Mo Electronics Inc.,
St. Petersburg, FL; controller by Aerotech, Pittsburgh, PA) for slow, steady
stretching. The bundle with initial sarcomere length (SL) � 2.5 �m was
stretched to SL � 4.2 �m in the skinning solution at 5°C over 3–4 h for
the non-overlap experiments. Some x-ray diffraction patterns were taken at
SL � 2.5 �m under relaxed and rigor conditions. The sarcomere length
was monitored by laser light diffraction during stretch. Only those
stretched bundles giving a sharp laser pattern and without a single broken
fiber were used for the experiments in this paper. The integrity of the
fibers was always checked under the microscope immediately before the
experiments.

There are several advantages in using muscle fibers stretched to non-
overlap. First, the study could be focused on the state of myosin alone
without complications introduced by actomyosin interactions. In a relaxed
muscle, the myosin molecules are in the weak binding states (Brenner et
al., 1982, 1984; Eisenberg and Hill, 1985; Chalovich, 1992) and their
affinity to actin is reduced by raising temperature (Kraft et al., 1995).
Therefore, in the presence of actin (i.e., at overlap sarcomere lengths),
several other states (e.g., A�M�ATP) need to be considered in making
interpretations of the x-ray data. At non-overlap sarcomere lengths, such
complications are minimized. Secondly, it has been shown that in solution
the affinity of S1 for nucleoside triphosphates is weakened by the presence
of actin (Sleep and Hutton, 1978). In myofibrils the finding was similar: the
nucleotide affinity was the same as that for S1 in solution if the myofibrils
stretched to non-overlap, but the affinity is weaker in the overlap (Biosca
et al., 1988). In skinned rabbit psoas fibers, the affinity of myosin for
nucleotides GTP and for AMP-PNP is weakened by as much as several
orders of magnitude at high temperatures (Frisbie et al., 1997, 1998).
Therefore, in overlap muscle fibers, nucleotide saturation is difficult to
achieve at the temperatures used in the present study. However, by apply-
ing nucleotides in the millimolar concentration range to non-overlap mus-
cle fibers, the uncertainty concerning nucleotide saturation is avoided.

Solutions

The following solutions were used for the experiments. 1) Relaxing
(MgATP) solution contained (in mM): 2 MgATP, 2 MgCl2, 2 EGTA, 5
DTT, 10 imidazole, 10 creatine phosphate, 133 potassium propionate, pH
7.0, ionic strength (�) � 170 mM. To complete the ATP-backup system,
109 unit/ml creatine kinase (CPK) was added just before the x-ray exper-
iments. 2) Rigor solution contained (in mM): 2.5 EGTA, 2.5 EDTA, 10
imidazole, 5 DTT, 150 potassium propionate, pH 7.0, � � 170 mM. 3)

NTP-free solution contained (in mM): 2 EGTA, 4 MgCl2, 10 imidazole, 50
glucose, 147 potassium propionate, 5 DTT, 2 unit/ml hexokinase, 0.25
Ap5A, pH 7.0, � � 170 mM. 4) NTP (or NDP) solutions contained (in
mM): 2 NTP (CTP, GTP, ATP�S) or 2 ADP added to NTP-free solution
with 6 mM lower potassium propionate, pH 7.0, � � 170 mM. 5)
N-Phenylmaleimide (NPM) solution (in mM): 0.1 NPM, 4 EGTA, 1
MgCl2, 4 MgATP, 125 KCl, 10 imidazole. Before applying the rigor
solution or NTP-free solution, the bundles were rinsed several times with
a “quick rinse” solution containing (in mM): 5 EGTA, 15 EDTA, 20
imidazole, pH � 7.0, � � 70 mM (Brenner et al., 1986, 1991).

The temperature of the specimen chamber was maintained by two
thermal electric devices controlled by a feedback circuit by Cambion
(Cambridge, MA). The temperature of the bathing solution in the chamber
was maintained at the preset temperatures �1°C. The temperature ranged
between 4 and 25°C. In order to minimize specimen degradation, most of
the experiments were carried out at temperatures at �20°C.

During the entire course of the experiments, the solution in the chamber
was continuously stirred by a syringe pump at the rate of �0.5 ml/s to
minimize any gradient (e.g., temperature gradient) along the length of the
bundles. To reduce radiation damage, the specimen chamber was moved up
and down continuously for a length of 6 mm at a constant rate of 4 mm/s
by a stepping motor (Aerotech, Pittsburgh, PA).

N-Phenylmaleimide (NPM) treatment of fiber bundles

The treatment was carried out according to Barnett et al. (1992) and Xu et
al. (1998). After the fiber bundles were stretched, the bundles were reacted
with 0.1 mM NPM for 1 h; the reaction was terminated by replacing the
NPM-treatment solution with normal relaxing solution containing 5 mM
DTT. Occasionally, an x-ray diffraction pattern was first recorded for
control purposes before the NPM treatment.

X-ray source, camera, and detector system

Preliminary experiments were performed in the laboratory at the National
Institutes of Health using a rotating anode x-ray generator (Elliott GX-6),
a double-mirror Franks camera, and an MAR Research imaging plate
detector system (MAR Research, Hamburg, Germany; see Xu et al., 1997
for details). All final data described in this paper were collected at the
synchrotron radiation source Beamline X9B of the Regional Center for
Time-Resolved Synchrotron Spectroscopy at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory (BNL), Upton,
NY. The optics of the beamline consisted of a double crystal monochro-
mator with a sagittally bent second crystal providing horizontal focusing
followed by a dynamically bent, flat mirror providing harmonics rejection
and vertical focusing. Si-111 crystals were used as monochromators. The
monochromatic x-ray beam was point-focused on the detector but colli-
mated to a size of �0.6 mm horizontal � 0.4 mm vertical at the specimen;
the fiber bundle was vertical. The size of the focal spot was 0.43 mm
FWHM horizontal and 0.27 mm FWHM vertical. Specimen-to-detector
distance was 1500 mm. An MAR Research imaging plate detector with 0.1
mm � 0.1 mm pixel size was used for collecting the x-ray data.

The exposure time for each pattern was 2 min. The maximum accumu-
lated exposure time for each bundle was �20 min. In general, after a series
of x-ray exposures on the same muscle bundle, x-ray patterns of the
solution background at 5 and 20°C were recorded for 2 min. For the
background patterns at the end of a series of exposures, the chamber
containing the specimen was shifted horizontally by �1 mm and exposures
of 2–4 min were taken.

Data reduction and analysis

The data were displayed and analyzed on Silicon Graphics Indigo work-
stations (Mountain View, CA) using a program, Profida, originally written
by M. Lorenz (Max Planck Institut of Heidelberg, Germany). The program
was modified by Dan Gilroy (Laboratory of Physical Biology, NIAMS,
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NIH) to suit the size of the current data and wider dynamic range, and uses
a different approach for rotating and translating the x-ray pattern (see Xu
et al., 1997 for details). The data in the four quadrants were first rotated,
folded, and averaged. The program made slices parallel to the meridion and
the equator of the diffraction patterns, and summed the intensities within
the slices to generate one-dimensional intensity profiles for further analy-
sis. The widths of the slices were chosen to include the entire widths of the
layer lines for following the distribution of intensity along layer lines. The
widths of the slices were adjusted with care so changes in the shape of the
layer lines were taken into consideration. In most cases, the diffraction
patterns were corrected by subtraction of the background pattern taken at
the same temperature.

To directly compare the intensities obtained under different conditions
with minimum error, diffraction patterns were always recorded from the
same bundle for all the conditions of interest (e.g., the temperature change
from 5 to 25°C). To quantitatively compare the data from different bundles
with different sizes and to input all data for statistical analysis, the inte-
grated intensity of the actin-based 59 Å layer line was used for normal-
ization because of the stability of this reflection in non-overlap fibers. The
spacings of all reflections were calibrated at the beginning of this series of
experiments by the 1/144.3 Å�1 meridional reflection from skinned rabbit
psoas muscle in rigor at � � 170 mM and T � 20°C (see Xu et al., 1997
for details). To correct for contributions from the thin filament and the
thick filament backbone to myosin layer lines, in some cases we used
difference patterns: normalized patterns obtained in the absence of nucle-
otide were subtracted from those in the presence of MgATP or MgCTP at
the same temperatures (5, 15, and 25°C).

Intensities of the first myosin layer lines from the difference patterns
were used to correlate with the biochemical data. Two methods were used
to quantify the intensities. 1) Integrated intensities of the first myosin layer
line in the difference patterns were obtained with the program PCA
(Oxford Instrument, Oakridge, TN); 2) The intensity profiles of the dif-
fraction patterns (in the presence and in the absence of MgATP) were first
curve-fitted to subtract the individual background levels, and the difference
of the remaining intensities was taken to be the net intensity contributed by
myosin cross-bridges. The two methods generally yielded similar results,
although the second method is influenced less by individual background
levels.

Single turnover measurement of ATP hydrolysis

Chemical quench measurements were made using a computer-controlled
stepper motor-driven quench-flow apparatus. Syringes of the quench-flow

sample handling unit (Model 27001, Kintek Corp., State College, PA) were
driven by a 34A109E stepper motor (Anaheim Automation, Anaheim CA),
which was powered by an IMS Panther HI2 microstepper motor controller
(Servo-Systems, Montville, NJ). A program written in turbo basic and
running on a Zenith 140 PC provided the timing. Solutions of S1 (20 �l)
and ATP (15 �l) containing 10,000–20,000 dpm [�-32P]ATP or GTP
(Dupont) were loaded into the sample loops of the 27001 and driven into
a delay line by buffer from the drive syringes. After incubation for the
desired amount of time, a second drive was used to expel the reaction
sample and mix it with acid quench (2 N HCl and 0.35 M KH2PO4) to give
a final sample volume of 1.0 ml. Mixing times down to 100 ms could be
obtained using this pulse configuration. More rapid quench times were
obtained using the 27001 in direct drive mode in which the reaction time
was varied by changing the flow rate and volume between the mixers. A
0.4-ml portion of the quenched sample was mixed with an equal volume of
a 10% slurry of activated charcoal (Sigma, C-4386) in acid quench and
centrifuged to remove unhydrolyzed NTP. The total radioactivity of NTP
in each sample was determined by directly counting 0.2 ml. The percent
hydrolysis was obtained from the ratio of the radioactivity in charcoal
treated to directly counted samples after subtracting background from each.
Control experiments indicate that �99% of the unhydrolyzed NTP is
bound to charcoal. The experiments were done under “single turnover”
conditions in which [S1] � [NTP]. The data were then fit to a one- or
two-exponential equation using a simplex fitting routine to obtain ampli-
tude and rate information. The rate of the burst is limited by the rate of
binding of the ATP to the active site utilizing the relatively low protein
concentrations used in these experiments. However, the size of the burst is
unchanged as long as kburst �� ks (k [steady state]).

RESULTS

Several earlier studies (Wray, 1987; Lowy et al., 1991;
Wakabayashi et al., 1988; Xu et al., 1997; Malinchik et al.,
1997) showed that rabbit myosin filaments in MgATP-
containing relaxing solutions underwent dramatic changes
as the temperature is raised from 4 to 25°C. The midpoint of
the changes in intensities of the myosin layer lines occurred
at �15°C. In the present study, similar changes (Fig. 1)
were found in rabbit psoas muscle fibers stretched to a
sarcomere length of 4.2 �m. At 5°C, the myosin-based layer
lines are present but weak (Fig. 1 A); at 15°C, the myosin

FIGURE 1 X-ray diffraction patterns from a single bundle of skinned rabbit psoas muscle fibers. Sarcomere length (SL) � 4.2 �m. Relaxing solution
contained (in mM): 2 MgATP, 2 MgCl2, 2 EGTA, 5 DTT, 10 imidazole, 10 creatine phosphate, 133 potassium propionate, pH 7.0, � � 170 mM. To
complete the ATP-backup system, 109 unit/ml of creatine kinase (CPK) was added just before X-ray experiments. Temperature 5°C (A), 15°C (B), 25°C
(C). Patterns were obtained using the synchrotron radiation beamline X9b of National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory
(BNL), Upton, NY. Exposure time: 2 min; camera distance: 150 cm. The first- to sixth-order myosin-based layer lines (marked as 1–6 on C) can be seen
on the patterns, whose intensities clearly increased with temperature. On the meridian the intensity of the third-order reflection (M3) increases with
temperature, while the sixth has no significant change with temperature. Note that on the meridian the spacing of the third order is 144.2 Å at 5°C, �1
Å larger than that at 25°C (143.4 Å).
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layer lines are stronger (Fig. 1 B); at 25°C, the myosin layer
lines are the dominant features of the diffraction pattern
(Fig. 1 C). The order-disorder transition is therefore intrin-
sic to the myosin filament and not dependent on interactions
with actin.

Single turnover measurements of
nucleoside triphosphate

Single turnover measurements of the hydrolysis �-32P ATP
and GTP were measured with a fivefold excess of myo-
sin-S1 to substrate, which provide the most accurate mea-
surement of the ratio of the amplitudes of the rapid pre-
steady-state hydrolysis (the phosphate burst) to slower
steady-state hydrolysis. The fraction of products complex,
M�NDP�Pi, bound to myosin during steady-state hydrolysis
was calculated from the ratio of the amplitudes of the slow
and fast phases: ffast/(fslow � ffast) � M�NDP�Pi/(M�NTP
� M�NDP�Pi). As previously observed under lower ionic
strength (Taylor, 1977) the size of the phosphate burst
increases from 0.4 at 5°C (Fig. 2 A) to �0.9 at 20°C (Fig.
2 B). Similar experiments done with GTP (Fig. 2, C and D)

gave much lower bursts and only upper limits of the am-
plitude of the phosphate burst could be obtained: 0.05 at
5°C and 0.1 at 20°C. The data obtained using GTP fit
reasonably well by single exponentials, which are similar to
the steady-state rates of GTP hydrolysis. This is in agree-
ment with previous results indicating that the hydrolysis
step is rate-limiting for GTP and that M�GTP is the pre-
dominant steady-state intermediate from 5 to 20°C (Ec-
cleston and Trentham, 1979; White et al., 1997).

Effects of temperature on the myosin layer lines
in the presence of various nucleotides

In ATP

A detailed analysis of the changes in intensities of the
myosin-based layer lines in the ATP-containing relaxing
solution is shown in Fig. 3. The variation in intensity along
the first myosin layer line at 5, 15, and 25°C is shown in
Fig. 3 A. Fig. 3 B shows a comparison of intensity across the
set of layer lines. Both profiles indicate substantial changes
in intensities with temperature, but the disorder parameter

FIGURE 2 Single turnover hydrolysis of MgATP and MgGTP by myosin-S1. A fivefold molar excess of myosin-S1 was mixed with either 1 �M
�-P32-ATP (A and B) or 5 �M �-P32-GTP (C and D) and quenched with acid at the indicated times as described in the Methods. Experimental conditions
were (in mM): 147 potassium propionate, 4 MgCl2, 10 imidazole, and 2 EGTA, 0.5 DTT, pH 7 at either 5°C (A and C) or 25°C (B and D). The data were
fitted by the following curves: (A) F(t) � 0.44 e�1.4t � 0.56 e�0.03t; (B) F(t) � 0.84 e�6.2t � 0.16 e�0.09t; (C) F(t) � 0.94 e�0.04t � 0.06; (D) F(t) � 0.89
e�1.0t �0.11.
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(the temperature factor) changes insignificantly because the
layer lines maintain approximately the same relative inten-
sities regardless of temperature (Fig. 3 B). Moreover, the
radial distribution of the intensity of the first myosin layer
line remains unchanged with temperature (Fig. 3 A). This
indicates that the basic structure of the myosin filament is
unchanged with lower temperature, but the mass, related to
the fraction of myosin heads forming the helical structure,
decreases.

In CTP

Several additional nucleotides and analogs with different
hydrolysis properties were applied to the stretched fibers.
Muscle fibers in the presence of MgCTP shorten and pro-
duce force at levels approaching those produced by MgATP
(Pate et al., 1993; Regnier and Homsher, 1998). In solution,
the equilibrium for CTP hydrolysis is favored more toward
the products (M�CDP�Pi) than for ATP (White et al., 1997).

Consistent with the solution data, in the stretched muscle
fibers in the presence of MgCTP the myosin layer lines are
moderately strong even at 5°C (Fig. 4 A) and further in-
crease when the temperature is raised to 20°C (Fig. 4 B).
Profiles across the layer lines (Fig. 5) demonstrate the
increase in myosin layer line intensities (after subtraction by
those in nucleotide-free solution at the same temperatures) as
the temperature was raised from 5 to 20°C (also see Table 1).

In GTP and ATP�S

Diffraction patterns were obtained from stretched fibers in
the presence of several other nucleoside triphosphates, GTP
and ATP�S, which are not hydrolyzable or slowly hydro-
lyzable. Intensities from the first myosin layer lines and the
equilibrium of nucleotide hydrolysis (M�NTP^M�NDP�Pi)

FIGURE 4 X-ray diffraction patterns from a single fiber bundle in
relaxing solution containing 2 mM MgCTP. SL � 4.2 �m; � � 170 mM.
(A) 5°C; (B) 20°C. The first- to sixth-order myosin-based layer lines can be
clearly seen even at 5°C. The reflections on the meridian can be indexed to
the myosin-based and thin filament-based helical structures, respectively.

FIGURE 3 Profiles of intensity from the same patterns shown in Fig. 1 at the corresponding temperatures. (A) Profiles along the first layer line in Fig.
1. The width of the slice is between 0.00151 Å�1 and 0.00286 Å�1. The thick solid line was obtained from the pattern in Fig. 1 C (25°C); the dotted line
was obtained from Fig. 1 B (15°C); the thin solid line was obtained from Fig. 1 A (5°C). (B) Profiles along a line parallel to the meridian. Each slice was
centered on the first maximum of the first myosin layer line extending in the direction between 0.00375 Å�1 and 0.00733 Å�1. The first to the sixth orders
of myosin-based layer lines and the sixth and seventh orders of the actin-based layer lines (59 Å and 51 Å) are clearly seen. The net integrated intensity
of the first myosin layer line at 5°C decreased to approximately one-fifth of that at 25°C.

FIGURE 5 Profiles from an axial slice centered at the first maximum of
the first myosin-based layer line obtained in 2 mM MgCTP at temperatures
as indicated after the pattern is subtracted by the pattern obtained under the
nucleotide-free condition.
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by S1 in solution at 5 and 20°C were compared (Table 1).
The patterns show very weak myosin layer lines even at
20°C. As explained before, for the GTP equilibrium the
fraction of M�GTP stays at �90% for all temperatures
studied (	25°C). Similarly, it has been shown that the
hydrolytic step is rate-limiting for myosin catalyzed hydro-
lysis of ATP�S, and the gamma phosphate is even observ-
able in myosin crystals (Gulick et al., 1997). Correspond-
ingly, the myosin layer line intensities were at an
undetectable level (	4% of those in the presence of
MgATP at 25°C) for GTP and ATP�S.

In nucleotide-free solution

In the diffraction patterns obtained in the absence of nucle-
otide (NTP-free), features related to a helical distribution of
the myosin heads are absent. Besides the well-known fea-
tures related to the actin filament, there are a few weak but
detectable off-meridional layer lines that very likely origi-
nate from the troponin on the thin filament and the thick
filament backbone. The diffraction patterns are identical at
5°C (Fig. 6 A) and at 20°C (Fig. 6 B) within experimental
error. Details of the analysis will appear elsewhere.

In ADP

To determine whether myosin heads with bound MgADP
could be arranged in a helical array, diffraction patterns
from stretched fibers in the presence of 2 mM MgADP were
recorded at 5 and 20°C. The diffraction patterns are hardly
distinguishable from those recorded from nucleotide-free
solution: in particular, there are no detectable myosin layer
lines regardless of temperature. Fig. 7 shows the intensity
distributions in the axial direction, revealing features almost
identical to those obtained under nucleotide-free conditions.

After inhibition of ATP hydrolysis

To investigate the structures of the M�ATP state alone, the
fibers were reacted with NPM, which inhibits the hydrolysis
step. The diffraction patterns are almost identical to those
obtained in nucleotide-free solution regardless of tempera-
ture. Fig. 8 shows the profiles along a line parallel to the
meridian in the diffraction patterns from the NPM-reacted
muscle fibers in the presence of MgATP at 5 and 20°C. This
suggests that in the M�ATP state the myosin heads are
disordered.

Estimated mass distributed in the helical array

Difference patterns between those obtained in the presence
and absence of ATP were analyzed. The layer lines in the
difference patterns index on the 430 Å repeat and therefore
arise from the myosin filament alone. Consequently, the
intensities of the layer lines are directly proportional to the
square of the myosin (cross-bridge) mass in the helical array
scattering coherently. The mass on the myosin helix as a
function of the temperature is shown in Fig. 9 A. The mass
fell to 45% as the temperature was lowered from 25 to 5°C.
In Fig. 9 A, the mass on the helix was normalized to that at
25°C.

TABLE 1 Integrated intensities of the first myosin layer lines
obtained from the same fiber bundle (except the NPM-treated
bundle) in the presence of various nucleotides and analogs

Temperature
(°C) ATP CTP GTP ATP�S NTP-free ATP*

5 0.10 0.31 b.d.# b.d. b.d. b.d.
20 0.90 1.00 b.d. b.d. b.d. b.d.

All the values of the intensities were normalized to the value obtained in
CTP at 20°C.
*From an NPM-treated bundle.
#Below detectable level.

FIGURE 6 X-ray diffraction patterns from a single bundle of skinned
rabbit psoas muscle fibers in the absence of nucleotide. SL � 4.2 �m; � �
170 mM. (A) T � 5°C; (B) 20°C. Myosin-based layer lines are absent,
while the related meridional reflections remain rather strong. The spacing
of the third meridional reflection is 144.2 Å. The visible layer line in the
diffraction pattern most likely originates from the thin filament: the spacing
of the first layer line is 380 Å in the inner part close to the meridian; at the
outer radius, the spacing is shifted to 365 Å. As the temperature is raised
from 5 to 20°C, the diffraction patterns are almost identical. Patterns such
as shown here were used as background subtraction from those in nucle-
otide-containing solutions (see Methods).

FIGURE 7 Profiles of intensity from axial slices centered at the first
maxima of the first myosin layer lines from the patterns under 2 mM
MgADP (thick solid line) and under NTP-free (thin line). There is no
significant difference between the profiles obtained at 20°C (shown) and at
5°C (not shown) for both conditions.
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By analyzing the x-ray diffraction patterns from rabbit
psoas muscle at several temperatures, Xu et al. (1997) and
Malinchik et al. (1997) suggested that the increase in the
myosin-based layer line intensities with increasing temper-
ature was the result of redistribution of the myosin popula-
tion among three structural states in equilibrium: 1) weakly
attached to actin with a random orientation of attachment; 2)
detached and disordered; and 3) detached and ordered on
the thick filament backbone. In the present study, only
structural states 2) and 3) are present. With quantitative data
available at several temperatures, the order/disorder equi-
librium can now be studied in more detail. The equilibrium
constant Kord is defined as

Kord �
a

1 � a

where a is the ordered fraction.
The dependence of the equilibrium constant on tempera-

ture can be expressed by the Arrhenius relation:

	 ln Kord

	1/T
� �


Ho

R

where T is the absolute temperature, 
Ho is the enthalpy of
the transition, and R is the gas constant.

The measured intensities as a function of temperature are
only relative to those obtained at one particular temperature,
say, at 25°C. The value of a (a25) at that temperature needs
to be determined by finding the best fit to the square root of
intensities as a function of temperature. The value of a25 is
less than one, but not by much. Once a25 is determined, the
value of the maximum amplitude is known, and hence the
values of a at all other temperatures can be calculated. We
varied the value of a25 between the range of 0.5 and 0.99 in
the increment of 0.05. For each value of a25 a linear regres-
sion of log Keq vs. 1/T was applied to the data for the best
fit of the Arrhenius relation with Kord as a parameter

(MLAB, Civilized Software, Bethesda, MD). The best fit
(correlation coefficient � 0.9899) was found with a25 �
0.93 and Kord � 15.7 at 25°C (Fig. 9 B). The slope yielded
the value of 
Ho � 23.6 kcal/mole. For comparison, ln
Khydrolysis (henceforth designated Khyd) vs. 1/T is also plot-
ted in Fig. 9 B. The values of Khyd over the range of
temperature studied and the slope 
Hhyd

o (21.3 kcal/mole)
are very similar to those determined for the order/disorder
distribution. Thus the structural data further support the idea
of ordered/disordered populations being in equilibrium, and
strongly coupled to the M�ADP�Pi/M�ATP equilibrium.

FIGURE 8 Profiles along a line parallel to the meridian at the same
radial distance as in Fig. 3 B from the x-ray diffraction patterns from a
single bundle reacted by NPM. SL � 4.2 �m; � � 170 mM. In relaxing
solution (thick solid line) at 5°C; (thin solid line) at 20°C. No significant
difference can be seen on the profiles.

FIGURE 9 (A) Changes in coherent (myosin) mass located on the thick
filament helix. The mass was calculated as the square root of the integrated
intensity of the first myosin layer line. The mass on the helix thus
calculated was normalized to that at 25°C. The error bars are standard error
of the mean (SEM) with n � 5. (B) Arrhenius plot of (ln Keq) vs. 1/T
(absolute temperature). The Keq for solution data is defined as [M�ADP�Pi]/
[M�ATP]; for the helical structure, Keq � [ordered]/[disordered]. The solid
line and the dotted line are the best fit to the Arrhenius relation for structure
and for biochemistry

ln Keq � �

Ho

RT
�


So

R

For the solution data (dashed line), the curve was fitted to four data points
at 5, 10, 15, and 20°C. The extrapolated value of Keq at 25°C is 13.8. 
Ho

(solution) � 21 kcal/mole. 
So (solution) � 72 cal/degree�mole. For the
coherent mass data, Kord/dis (K [order/disorder]), 
Ho, and 
So were varied
as parameters. The curve-fitting yielded Kord/dis at 25°C � 14, and 
Ho

(order/disorder) � 23 kcal/mole. 
So (order/disorder) � 86 cal/
degree�mole.
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The definition for Kord used above assumes that the
myosin heads behave independently. Another possibility is
that there is cooperativity among the myosin heads to form
the ordered array, i.e., it requires dimer pairs of myosin
heads both to be in the M�ADP�Pi state to be ordered in the
helix (see Note 1 at end of text). In this case the ordered
fraction a would be Khyd

2 /(1 � Khyd)2. Hence Kord � a/(1 �
a) � Khyd

2 /(1 � 2Khyd) or � Khyd/2 for Khyd �� 0.5. At low
temperature, Kord is indeed less than Khyd by �0.3, but at
15, 20, and 25°C Kord and Khyd are very similar. The data fit
the non-cooperative model more closely, but one cannot
rule out such cooperativity.

In estimating the coherent mass in the thick filament
helix, an error may originate from the background subtrac-
tion method used in the present study (see Methods). The
assumption is that the myosin heads do not contribute to the
first myosin layer lines obtained under nucleotide-free con-
dition. This could lead to an over-subtraction if weak my-
osin layer lines were present in the diffraction pattern from
the nucleotide-free fibers. However, such an error is be-
lieved to be insignificant, because the first myosin layer
line, normally the strongest in the diffraction patterns, was
below the experimentally detectable level.

Other features of the difference patterns between
those in the presence and those in the absence
of nucleotides

Spacings of the third-order meridional reflection

There has been a great deal of interest in the dynamic
transition of the spacing 143 Å^ 144 Å of the third-order
meridional reflection (dM3) when the relaxed muscle enters
the rigor state or the contracting state, but its cause has been
unclear (Haselgrove, 1975; Huxley, 1979; Irving et al.,
1992). Our findings using the stretched muscle fibers are the
following (Table 2): 1) In the absence of nucleotide, the
spacing of the third-order meridional reflection is 144.2 Å,
and remains almost the same at all temperatures studied; 2)
In the NPM-reacted fibers (M�ATP only) and in ADP,
dM3 � 144.2 Å at all temperatures studied, the same as the
value in the absence of nucleotide; 3) In the presence of
MgATP and MgCTP, at �20°C (M�ADP�Pi; M�CDP�Pi),
dM3 � 143.4 Å; at low temperatures (5°C), for MgATP,

dM3 � 144.2 Å; for MgCTP, dM3 assumes an intermediate
value 143.8 Å. The results suggest that when helical order is
present (in the M�NDP�Pi state), dM3 is 143.4 Å; if filament
is disordered, the spacing is 144.2 Å.

Spacing of the first myosin layer lines

It is well known that the myosin filament in skeletal muscle
is a three-stranded 9/1 helix with an axial repeat of 430 Å
(Squire, 1981, 1972). However, the measured spacings
(422–424 Å) of the dominant first myosin layer lines in the
diffraction patterns from various skeletal muscles, including
those of frog sartorius (Huxley and Brown, 1967) and rabbit
psoas (at �20°C; Xu et al., 1997) differed from 430 Å. The
source of complication could be the interaction between
actin and myosin or inadequate spatial resolution of the
measurements. Consistent with reported measurements, the
present study also yielded a spacing that differed from 430
Å at all temperatures studied. However, the difference pat-
terns between those obtained in MgATP at �20°C
(M�NDP�Pi) and those in the absence of nucleotides (no
myosin layer lines) yielded a layer line spacing of 428 Å,
much closer to the theoretical value (430 Å).

Equatorial spacings

The spacing of the equatorial [1, 0] reflection showed little
change as a function of temperature in various solutions
(Table 3). The spacing was 266 Å and remained the same
regardless of the presence or absence of nucleotide.

DISCUSSION

In this work we have established that only those myosin
heads in the M�ADP�Pi state are distributed in the helical
array by obtaining a quantitative correlation between the
phosphate burst and the coherent mass in the helical array of
stretched, relaxed muscle fibers with a series of nucleotide
substrates. While M�ATP is not the predominant state at
physiological temperature, it occurs as a transient interme-
diate during hydrolysis, and the transition between the two
states is likely to be an important part of the cross-bridge
cycle in muscle fibers.

Filament structures of myosin�ATP and
myosin�ADP�Pi states are observed separately

One of the difficulties in the past in identifying filament
structures with individual biochemical states was that one

TABLE 2 Spacings of the third-order meridional reflection of
stretched fibers in solutions containing various nucleotides at
5 and 20°C

Conditions
Sarcomere

Length

dM3 � SEM (n) (Å)

5°C 20°C

MgATP 4.2 144.34 � 0.22 (5) 143.42 � 0.10 (6)
MgCTP 4.2 143.78 � 0.25 (3) 143.32 � 0.10 (3)
NPM/MgATP 4.2 144.19 � 0.06 (3) 144.21 � 0.02 (2)
MgADP 4.2 144.16 � 0.04 (4) 144.15 � 0.15 (2)
NTP-free 4.2 144.16 � 0.05 (5) 144.10 � 0.01 (4)
Rigor 2.5 144.4 144.30 (standard)

TABLE 3 Average lattice spacing d10 of the Bragg plane
[1, 0] in stretched muscle (SL � 4.2 �m) in ATP containing
relaxing solution or NTP-free solution

Conditions 5°C 20°C

ATP 265.7 265.2
NTP-free 265.9 266.9
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could not observe the myosin�ATP and myosin�ADP�Pi

states separately. By using the NPM-reacted muscle fibers
(Barnett et al., 1992; Xie et al., 1999), the myosin�ATP state
is isolated, because in NPM-reacted fibers the cleavage step
is inhibited (Xie et al., 1999). Yet, when interacting with
actin, the NPM-reacted myosin is capable of making trans-
formation from the weakly bound state (A�M�ATP) to the
strongly bound rigor state (Xu et al., 1998). Although one
cannot exclude the possibility that the modification at SH1
and SH2 of the myosin head could prevent the myosin heads
from forming a helical array, the chemical modification
does not appear to affect its flexibility for structural trans-
formation. Therefore, we conclude that myosin heads with
bound ATP are disordered.

Quantitative correlation between biochemical and
structural data

Most of the biochemical measurements in solution in the
past were carried out at relatively low ionic strength. In the
present study, the ionic and temperature conditions used in
the solution studies closely matched those used in the fiber
diffraction studies. There is a question as to whether the
filamentous state of myosin might affect the equilibrium
constant of the hydrolysis step. This equilibrium constant of
the hydrolysis step has been estimated from the amplitude
of the phosphate burst in relaxed myofibrils (Herrman et al.,
1993; Ma and Taylor, 1994; White, 1985) and in muscle
fibers (Ferenczi, 1986) to be near 1.0 at 25°C. Such exper-
iments must be done under concentrations in which [ATP]
�� [myosin sites] and are therefore experimentally much
more demanding than single turnover experiments such as
shown in Fig. 2, and require accurate measurement of the
number of myosin sites. There is some evidence that the
equilibrium constant of the hydrolysis step decreases with
temperature in myofibrils (Herrman et al., 1993; Ma and
Taylor, 1994), but the errors are larger and a detailed
temperature dependence has not been obtained.

Mechanisms by which nucleotides could affect
helical order of the thick filament

The coupling between the degree of helical order of the
myosin filaments and the nature of the nucleotides at the
active site can be rationalized in terms of the known effect
of nucleotides on the conformation of the myosin heads.
Tryptophan fluorescence (Bagshaw et al., 1974; Johnson
and Taylor, 1978; Sleep and Hutton, 1978), low-angle x-ray
and neutron scattering (Wakabayashi, 1992; Mendelson et
al., 1996), electron paramagnetic resonance (Ostap et al.,
1995), and x-ray crystallography (Fisher et al., 1995; Smith
and Rayment, 1996; Gulick et al., 1997; Dominguez et al.,
1998; Houdusse et al., 1999) indicate that the conformation
of myosin depends on the nucleotide bound. Holmes (1998)
has grouped the confirmations generally into two groups:
“open” (absence of nucleotide, or ATP, its analogs or ADP

bound) and “closed” (transitions state to ADP�Pi). Our data
indicate that the nucleotide conditions promoting helical
order are strikingly similar to those promoting the “closed”
form.

In the myosin molecule the heads are flexibly attached to
the tail in the absence of bound nucleotide (Mendelson et
al., 1973; Elliott and Offer, 1978; Walker et al., 1988) and
flexing within the heads between motor and light chain
binding domains has also been observed (Burgess et al.,
1997). This flexibility apparent in the molecule must be lost
or reduced to form an ordered array of myosin heads on the
thick filament. Several mechanisms are possible. First, the
conformational change induced by hydrolysis may produce
a stiffer myosin molecule, either at the interface between the
catalytic and light chain domains or at the head-tail junction.
This would reduce the thermal motion of the heads to reveal
the helical nature of the packing of the myosin molecules in
the thick filament. Such an idea is compatible with the
recent findings of the three crystal structural states of S1,
where the relative positions of the four major subdomains
appear to be the most stable for S1 in the transition state
(M�ADP�AlF), whereas the conformations of the nucleotide-
free and the ADP states contain flexible “joints” between
the subdomains (Houdusse et al., 1999). According to the
authors, the ADP-containing structure appears to corre-
spond to an ATP state. Our findings of M�ATP, M�ADP, and
M states being disordered while only the M�ADP�Pi state is
ordered are consistent with the changing flexibility among
the subdomains. For example, according to models for the
myosin filament such as those of Malinchik et al., (1997)
and of Harford et al. (1998), the two heads of the myosin
molecule are splayed and not interacting with other myo-
sins. Stiffening of the heads in the M�ADP�Pi state may
explain the helical ordering.

Alternatively, the motor domain of each myosin-ADP-Pi

head might interact with a fixed feature of the filament such
as the backbone or the head-tail junction of a neighboring
molecule such as in the model of Offer et al. (manuscript
submitted for publication). In such a case, a head could
leave the helical array without affecting the ordering of
neighboring heads.

A third possibility is that the motor domain of each head
might interact with the motor domain of a neighboring
molecule, as in the model of Padron et al (1998). In this
case, if a head left the helical array, the neighboring head to
which it was bound would also become disordered and
cooperativity is implied. However, evidence for cooperat-
ivity is not clear.

Crowther et al. (1985), Levine and colleagues (1988;
Levine, 1993) and Stewart and Kensler (1986) have pub-
lished reconstructions of the thick filaments from various
species. The two heads of the myosin appear to be splayed,
but as yet, the resolution of the reconstructions is insuffi-
cient for a detailed modeling on the order/disorder transition
mechanism.
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The role of temperature on myosin conformation

Our results are consistent with the recent temperature jump
results in which transitions between two myosin states were
found to occur with ATP at rates consistent with those
expected for hydrolysis but not with ADP or in the absence
of nucleotide (Jahn et al., 1999). However, a more rapid
transition in the fluorescence was also seen with ADP and
BeF bound to the active site, indicating that the tryptophan
fluorescence enhancement associated with a conformational
change need not be coupled to hydrolysis. In addition, we
have obtained preliminary results on the thick filament
structure in the presence of MgADP � Vi, an order/disorder
transition occurs that mimics the conversion of M�ATP to
M�ADP�Pi. These results suggest that the coupling observed
between hydrolysis and the order/disorder transition may
occur in the absence of hydrolysis if the ligands bound to
the active site produce a conformational equilibrium con-
stant that is near 1 in an experimentally attainable temper-
ature range (Xu et al., 1999a). The mechanism by which an
increase in temperature affects both the hydrolysis equilib-
rium and the conformation of the heads is not known, but
plausibly a stronger hydrophobic interaction might be oc-
curring at higher temperature that favors the ordered state.

The dynamic state of the thick filament in the
relaxed state: implications for
understanding activation

The hydrolysis of ATP produces a myosin�ADP�Pi state that
is thought to be ready to generate force when the myosin
head interacts with actin. However, the diffraction data
indicate that the equilibrium position of the myosin heads
with bound ADP and Pi is near the thick filament surface,
away from the thin filament (Malinchik et al., 1997). How
are the myosin�ADP�Pi heads in a filament able to bind to
the thin filament fast enough to account for activation and to
the rapid shortening of muscle? The resolution of this ap-
parent difficulty is that the ordered state is in a rapid,
dynamic equilibrium with other weak binding states in the
ATPase cycle (i.e., M�ATP and A�M�ADP�Pi) based on
biochemical, mechanical, and structural evidence. Struc-
tural data from x-ray diffraction patterns of relaxed muscle
are incompatible with the idea of a static distribution of
ordered/disordered myosin heads (Malinchik et al., 1997;
Gu and Yu, submitted for publication). The rate constants
for the hydrolysis reaction M�ATP ^ M�ADP�Pi are fast
(Taylor, 1977). Mechanical stiffness measurement of re-
laxed muscle also indicated rapid equilibrium between the
weak binding states (Brenner et al., 1982). Electron para-
magnetic resonance of spin-labeled myosin in isolated fila-
ment (Barnett and Thomas, 1987) and in muscle fibers
(Ostap et al., 1995) also indicated the populations of the
M�ATP and M�ADP�Pi are in dynamic equilibrium. There-
fore, as the muscle is activated and the cross-bridges enter
into the strong binding states, a redistribution of populations
among the equilibrium states can occur rapidly, providing a

mechanism for the myosin heads in the helical array to
participate in the force generation process.

Relation to results obtained at full overlap

In our previous study (Xu et al., 1997; Malinchik et al.,
1997), we examined the temperature-induced structural
changes in the thick filament (Malinchik et al., 1997) at
SL � 2.5 �m (close to full overlap). At temperatures

20°C, the intensity distribution along the first myosin
layer line was almost identical between the two results.
Therefore, the helical structure of the M�ADP�Pi state is not
affected by the presence of actin in the relaxed muscle.

At low temperature, however, we observed a different
effect compared to no overlap. In the case of full overlap,
the myosin heads moved outward with the center of mass
shifted from a radius of 135 Å to a radius of 175 Å
(Malinchik et al., 1997). In the present study the center of
mass does not change with temperature. Preliminary result
suggests that the discrepancy arises because of the forma-
tion of a significant fraction of the weakly bound cross-
bridges in the A�M�ATP state at low temperature (Xu et al.,
1999b). In this weakly bound state, the myosin heads (cross-
bridges) appear to be close to the thin filament for attach-
ment and yet maintain the helical symmetry of the thick
filament. Further details of the structure of the A�M�ATP
state will appear elsewhere.

Significance of the findings on the
143.4–144.2 Å transition

A shift of �1% in the spacing of the third meridional
reflection from 143 to 144 Å upon activation was first
observed in frog sartorius muscle (Haselgrove, 1975). Be-
cause of its strong intensity, changes in intensity of this
reflection have been followed in a number of time-resolved
studies (Irving et al., 1992; Kress et al., 1986; Piazzesi et al.,
1999) as a way of monitoring the interaction of cross-
bridges with actin (e.g., head rotation). In the present study
it is shown in Table 2 that the transition in spacing is
coupled to the transition of the helical ^ non-helical array
caused by a transition among the biochemical states, not due
to attachment of myosin heads to actin. It is reasonable to
suppose, therefore, that the 144.2 Å reflection observed in
the disordered state is derived from the backbone of the
filament, while the 143.4 Å reflection is primarily derived
from the helically ordered myosin heads.

A possible explanation of the shift in spacing rests on the
bipolar nature of the thick filament and the interference
between the two halves of the filament (Rome et al., 1973;
Craig, R.W. (1975). If the myosin heads along the entire
length of the thick filament diffract coherently, the Fourier
transform of the heads along the entire length of the fila-
ment can be considered to be the Fourier transform of the
array of �50 crowns in each half of the filament multiplied
by the Fourier transform of two points located at the centers
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of the two arrays separated by the bare zone (see Note 2) (a
separation of �8700 Å).

At low temperature the diffraction would instead arise
from the thick filament backbone. The coiled-coil tail is
�1620 Å long, i.e., not an integral multiple of 144.2 Å.
Hence, the electron density of the backbone projected along
the axis would rise and fall in steps (periodicity 144.2 Å) as
the number of coiled-coil tails in a cross-section rises or
falls by 3 (Squire, 1981). This is likely to be the principal
contributor to the third-order meridional reflection produced
by the backbone. The distance between the centers of the
arrays of tails in the two halves of the thick filament will be
smaller than the distance between the arrays by the length of
the tail (i.e., �7080 Å). Hence, the interference function
will sample the Fourier transform of the �50 crown array at
different positions, resulting in a different spacing of the
meridional reflection.

NOTES

1. Consider, for instance, cooperativity between the two heads of the
myosin cross-bridges or the thick filament as being made from dimer units,
each one made from the head pointing toward the bare zone of one myosin
molecule and one pointing toward the Z-disk of the next or simply among
the two heads of one cross-bridge.
2. This is an approximation assuming that the axial projected density of
myosin heads is approximately symmetrical so that the two arrays can be
considered to be related by a translation rather than by a twofold rotation
about an axis normal to the filament axis through the bare zone.
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