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Abstract

In order to clarify the structural changes related to the regulation mechanism in skeletal muscle contraction, the intensity changes of
thin filament-based reflections were investigated by X-ray fiber diffraction. The time course and extent of intensity changes of the first to
third order troponin (TN)-associated meridional reflections with a basic repeat of 38.4 nm were different for each of these reflections. The
intensity of the first and second thin filament layer lines changed in a reciprocal manner both during initial activation and during the
force generation process. The axial spacings of the TN-meridional reflections decreased by �0.1% upon activation relative to the relaxing
state and increased by �0.24% in the force generation state, in line with that of the 2.7-nm reflection. Ca2+-binding to TN triggered the
shortening and a change in the helical symmetry of the thin filaments. Modeling of the structural changes using the intensities of the thin
filament-based reflections suggested that the conformation of the globular core domain of TN altered upon activation, undergoing addi-
tional conformational changes at the tension plateau. The tail domain of TN moved together with tropomyosin during contraction. The
results indicate that the structural changes of regulatory proteins bound to the actin filaments occur in two steps, the first in response to
the Ca2+-binding and the second induced by actomyosin interaction.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Troponin; Tropomyosin; Muscle regulation; X-ray fiber diffraction; Muscle contraction; Synchrotron radiation
In vertebrate skeletal muscles, the troponin–tropomyo-
sin complexes bound to the actin filaments, which inhibit
interaction between actin and myosin in the absence of
Ca2+ ions, undergo structural changes upon binding
Ca2+ ions to allow actin–myosin interaction leading to
muscle contraction [1]. Troponin (TN) consists of three
subunits, TNI, TNC, and TNT (T1 and T2) and each sub-
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unit has an inherent function for muscle regulation [1–3].
The conformational changes of TN in solution have exten-
sively been investigated in the presence of Ca2+ ions by var-
ious physicochemical methods (e.g. [2,3]) and X-ray and
neutron scattering techniques [4,5]. Ca2+-binding to TNC
induces relatively large movements of TNI and part of
TNT1 [6,7]. Recently the atomic structures of TN with
and without Ca2+ ions were partially elucidated by X-ray
crystallography, and their conformational changes upon
binding Ca2+ ions have been discussed at atomic resolution
[8,9]. In addition, the conformational changes of TN mol-
ecules in the reconstituted and/or extracted thin filaments
by binding Ca2+ ions have been reported by neutron
scattering [10,11], and those in non-overlap muscle by
X-ray diffraction [12], electron microscopy (EM) [7,8],
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and fluorescence resonance energy transfer (FRET) [6,14].
However, far less is known about the structural changes of
TN molecules on the thin filaments during contraction of
intact muscle. There have been previous reports of the
intensity changes of the limited number of the TN-associ-
ated reflections in small-angle X-ray fiber diffraction pat-
terns have been examined and the temporal relationship
between those of the other reflections and the tension
development has been reported [15–17]. In this article,
the intensity changes of the TN-associated meridional
reflections were investigated in detail during tetanic con-
traction of live skeletal muscle. Structural models for con-
formational changes of regulatory proteins on the thin
filaments due to activation and to force development are
also described. This article is for the Ebashi memorial issue,
in which some of the materials were taken with slight mod-
ifications from our ‘‘Regulatory Proteins of Striated Mus-
cle’’ in 2006 [18].

Materials and methods

Experimental protocols. Live sartorius and semitendinosus muscles of
the bullfrog (Rana catesbeiana) were used for the X-ray studies. They were
mounted in a specimen chamber with a multi-electrode assembly. The
sarcomere length of sartorius muscles was adjusted to �2.3 lm and semi-
tendinosus muscles were stretched beyond 4.0 lm (overstretched muscles),
monitored by the optical diffraction of He–Ne laser light. The chamber was
continuously perfused with chilled (10 �C) frog Ringer’s solution (115 mM
NaCl, 2.5 mM KCl, 1.8 m M CaCl2, 0.85 mM NaH2PO4, 2.15 mM
Na2HPO4 pH adjusted to 7.2). Muscles were stimulated isometrically for
1.3 s with trains of 3 ms supramaximal current pulses at 33 Hz. Each
muscle was stimulated 10–15 times at resting intervals of 90 s.

The X-ray experiments using synchrotron radiation were done using
the small-angle diffractometer installed at the beamline 15A1 at the Pho-
ton Factory, Tsukuba, Japan. Stimulation of live frog muscle was per-
formed at 10 �C, and the intensity data of the TN-associated meridional
reflections during an isometric contraction of muscles at full filament
overlap and upon activation of overstretched muscle were measured in a
time-resolved mode in the window covering the radial coordinates
0 6 R 6 0.015 nm�1 (R denotes the reciprocal radial coordinate from the
meridian, defined by 2sinh/k, where h is the Bragg angle and k, the
wavelength of X-rays) with a CCD detector (C7300, Hamamatsu Pho-
tonics, Japan) [19]. The CCD detector was used in a sub-array mode with
64 · 1024 pixels and the time-resolved data were taken in an 8 ms-window
followed by 7 ms for the transfer time of data so that the time between
frames was 15 ms. The stimulation of muscle was synchronized to the X-
ray measurement, and the tension data were simultaneously recorded.
Experiments were repeated for 6–7 separate muscles and the X-ray pat-
terns were summed. For static X-ray measurements, an image plate (an
area detector, BAS-III, Fuji Film Co., Japan) [20] was used. X-ray dif-
fraction patterns from the same muscles were recorded in the relaxing
phase and at the isometric tension plateau phase for 1.0 s by opening the
shutter. The measurements were repeated 10 times and the data in each
phase were accumulated in the same image plate.

Intensity data. The time-resolved intensity data collected with the CCD
detector were accumulated by each time frame of one muscle fiber. The
meridional intensity profile was obtained by integration of the data in the
range 0 6 R 6 0.008 nm�1. The intensities of TN-associated reflections
with the basic repeat of 38.4 nm were derived by integrating their merid-
ional profiles. The background level and the integration range were fixed
in each time frame. The intensities of the first to third order of reflections
were obtained from the integration of the meridional profiles.

Diffraction data collected on image plates were read out using a read-out
scanner (BAS2000, Fuji Film Co., Japan) using a pixel size of 100 lm. After
determining the origin and correcting the inclination angle of the image, the
four quadrant patterns were folded. The intensities between the relaxing and
activating patterns in pairs were normalized as described previously [21].
The intensity measurements of the TN meridional reflections were made in
the radial range 0 6 R 6 0.001 nm�1. The intensities in the above range were
summed. The intensities were also measured on the meridian in the axial
direction. The TN-associated reflections partially overlapped the nearby
reflections and were separated by assuming Gaussian functions. The back-
ground intensity was stripped out. The axial spacings of individual reflection
profiles were estimated as their centroids [21].

Modeling. For the low-resolution modeling of the structure of TN
projected onto the fiber axis, a box function model was constructed rep-
resenting the globular core domain and the long tail domain, on the basis
of the model from electron micrographs [22] (see Fig. 4B). Such modeling
was made only for the overstretched muscle (see text). TNs bound to the
thin filament were mimicked by arranging such two box functions which
were staggered by 2.27 nm every 38.4 nm apart. A one-dimensional
arrangement of the paired set of box functions was constructed and
transformed to obtain the TN-meridional reflection intensities. By varying
the parameters of the model shown in Fig. 4B, the model giving the lowest
R-factor between the calculated and observed intensity data was searched.

For the high-resolution modeling, the observed thin filament-based layer
line intensities were measured by the procedure described previously [21].
Firstly, using the high-angle X-ray data which are dominated by features due
to F-actin, a model for F-actin was constructed by altering the actin sub-
domain structure. The Holmes et al.’s model [23] was used as a starting
model where each of the four subdomains was divided into four subgroups.
Then we incorporated tropomyosin (TM) and TN core domain + TN-T1
part into the F-actin structure and constructed a model for the whole thin
filament. As the structure of TN-T1 part is unknown, it was approximated as
a long helix. In the calculation, the structure of each component was defined
by space-filling with small spheres with appropriate sizes and then each
component moved as a rigid body. The optimum models were searched by
minimizing the R-factor to obtain a reasonable fit to the observed layer line
intensities in the resting and contracting states.
Results and discussion

Intensity changes of the troponin-associated meridional

reflections

Fig. 1a shows a comparison of X-ray diffraction patterns
in resting and contracting states of muscle at full filament
overlap, and Fig. 1b a comparison of those in resting and
activating states of overstretched muscle, in which the tro-
ponin-associated reflections are denoted with the letter ‘‘T’’
and their axial spacing in nm. Fig. 2 shows the time courses
of intensity changes of the first (TN1) to the third order
(TN3) troponin meridional reflections. The intensity of
the TN1 reflection increased promptly at the onset of stim-
ulation before the development of tension, and as the ten-
sion developed with s1/2 �76 ms, it decreased with s1/2

�56 ms to the level below the resting value (Fig. 2A).
The magnitude of the prompt intensity increase was ca.
1.4-fold the resting value, very close to that occurring upon
activation of overstretched muscle, and its time course run
parallel to that of overstretched muscle. In Fig. 2B, the
data are adjusted to a scale from 0 to 1, where 0 is defined
as the intensity level at rest and 1 is the average intensity
level between 400 and 800 ms after stimulation. In the case
of TN1, the initial peak at the onset of stimulation is
defined as 0. The intensity of the TN1 reflection after the



Fig. 1. X-ray diffraction patterns from live frog skeletal muscles. (a) A
comparison between resting and contracting states of muscles at full
filament overlap and (b) that between resting and activating states of
overstretched muscles. The meridional axis (M) is coincided. The fiber axis
is vertical. E is the equatorial axis. The letter T with a numerical value
denotes the troponin-associated reflection with an axial spacing. The letter
A, the actin-based reflections with the axial spacing.
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initial peak decreased slightly ahead of the development of
tension and it decreased to the level below the resting value
(�45%) at the plateau of isometric tension. The intensity
change of the TN1 reflection was consistent with the report
by Maeda et al. [17]. However, the reflection width along
the equator started to widen simultaneously with the devel-
opment of tension. This change is caused by the partial loss
of sampling effects due to the axial misalignment of the thin
filaments in the hexagonal filament array, and the apparent
intensity decrease with the development of tension was
greatly suppressed to a value close to the resting level if
we made the correction for an increase of a reflection width
[17,24] (see Fig. 2C). The TN2 reflection apparently
decreased in intensity without an appreciable initial rise
below the rest level (�14%) at the plateau of tension, the
intensity change running parallel to the development of
tension. Its intensity change was also be affected by fila-
ment disordering. In contrast, the intensity of the TN3
reflection increased without an appreciable increase of the
width, and when adjusted to a scale from 0 and 1, the
change run ahead (s1/2 � 38 ms) of the development of ten-
sion (s1/2 � 76 ms) and it overshot the average level at the
initial phase of tension plateau. In overstretched muscle,
very small changes in intensity of TN2 and TN3 reflections
were observed (also see Fig. 4A). Upon ceasing the stimu-
lation, the intensities of three reflections returned toward
their resting values, delayed substantially with respect to
tension recovery. The TN1 intensity dropped simulta-
neously with the cessation of stimulation and returned
gradually to the resting level. The time course of this inten-
sity recovery closely paralleled the recovery of the reflection
width (inset of Fig. 2C), suggesting that a slow recovery of
TN reflections is correlated with the delayed restoration of
the filament ordering. This behavior of the TN1 intensity
was very similar to that of the 14.5-nm myosin-based
meridional reflection [25]. However, the intensity drop after
the cessation of stimulation did not accompany an appre-
ciable change of the reflection width.

Intensity changes of the first and second thin filament-based

layer lines

The first layer line components were separated from the
nearby reflections in the high-angular resolution X-ray dif-
fraction patterns, and their intensities in several radial
regions were precisely measured. Fig. 3 shows the intensity
changes in several radial regions during isometric contrac-
tion of muscle at full filament overlap (A) and those upon
activation of overstretched muscles (B). The first layer line
principal component (contributed by the J2 Bessel func-
tion) denoted by an arrow (middle) in Fig. 3 decreased its
intensity during isometric contraction, much greater than
that occurring upon activation of overstretched muscles.
While the intensity of the second layer line (contributed
by the J4 Bessel function) (2nd LL in Fig. 3) concomitantly
increased during contraction, and the relative magnitude of
its intensity increase was greater by about 3-fold than that
upon activation of overstretched muscles. Thus the actin
and myosin interaction causes the full intensity changes
of the first and second layer lines. Such reciprocal intensity
changes of these two principal low-angle layer lines indi-
cate the enhancement of the 4-fold rotational symmetry
of the thin filament which is greater in the force generating
process than in the initial activation (see below).

Low-resolution modeling of structural changes of troponins

in the thin filaments upon activation

Using the meridional intensities of the first four TN-
associated reflections with the repeat of 38.4 nm measured
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in the resting state and during the activation of over-
stretched muscles shown in Fig. 4A, one-dimensional mod-
eling of the structure projected onto the fiber axis was
performed to investigate the change of TNs bound to the
thin filaments upon activation. We used a simple box func-
tion model (projected onto the fiber axis) of the TN mole-
cule consisting of the globular core domain and the long
tail domain in the lower diagram, which is based on the
appearance of TN bound on the TM strand in electron
micrographs [22] (Fig. 4B). The globular domain includes
TNC, TNI and part of TNT (T2) and the tail domain
includes the rest of TNT2 and TNT1. The model giving
the lowest R-factor between the observed and calculated
intensity data are shown for each state in Fig. 4C. The
intensity of each TN-associated reflection calculated from
the model with the lowest R value was compared with
the observed one in Fig. 4A. In the resting state, the core
domain and the tail domain of TN partially overlapped,
and upon activation, the density of the core domain
became greater than that in the resting state. Such a density
change would be caused by orientational changes of the
bridge-like V-shaped core domain of TN around and/or
along the fiber axis, as suggested by FRET analysis [14],
together with movements of TNT along the fiber axis.
Modeling for contracting muscle at full filament overlap
was not made because of undefined changes of the radial
width of the reflections.
High-resolution modeling of structural changes of regulatory

proteins in the thin filament during isometric contraction

Using the layer line intensities (up to �1/1.35 nm�1) of
the thin filament-based X-ray diffraction patterns in the
resting state and during contraction, we have performed
high-resolution modeling of the structural changes of
the regulatory proteins in the thin filaments. We assumed
that the intensity changes of these thin filament-based
principal layer lines during contraction are ascribed solely
to the structural changes occurring within the thin fila-
ments by random attachments and asynchronous interac-
tions with myosin heads [26]. In the modeling, the Holmes
et al.’s model [23] was used as a starting model of F-actin,
in which each of four subdomains of an actin monomer
was further divided into four subgroups. The best-fit
models were searched by moving all actin subgroups
together with the regulatory proteins. The crystallo-
graphic shapes of the TM molecule and correctly
weighted TN molecule (by the addition of the mass of
the missing chains and TNT1 portion as a long helix)
was approximated by space-filling with the spheres of
1.5-nm raisus. The structure of the arm part of TNI is
Fig. 2. (A) Time courses of the intensity changes of three troponin-
associated meridional reflections from muscles at full filament overlap.
The open circles denote the time course of the TN1 intensity change upon
stimulation of overstretched muscles with the intensity level at rest
coincident. (B) The 0–1 plot of the intensity changes of three TN
reflections in (A). For the TN2 and TN3 reflections, the intensity levels at
rest are defined as 0 and for the TN1 reflection, the value of the initial
intensity drop just after stimulation is as 0. 1 is defined as the averaged
intensity levels between 400 and 800 ms after the stimulation. (C) The time
courses of the radial width of the TN1 reflection during isometric
contraction of muscle at full filament overlap (dark blue), upon activation
of overstretched muscle (light blue) and the intensities multiplied by the
width changes (red). In the inset is shown the comparison of the time
courses of the intensity change (red) and the width change (blue) during
relaxation. In (A–C), the red horizontal bar denotes the period of the
stimulation and the black curve, the tension change.

b



Fig. 3. The integrated intensities of the first (1st LL) and the second (2nd LL) thin filament-based layer lines during contraction of muscles at full filament
overlap (A) and upon activation of overstretched muscles (B). The arrow indicates the ‘‘principal’’ part of the first layer line. Inner 0; TN component on
the meridian, inner 1; TN component in the off-meridional portion, inner 2; TN + actin component, middle + outer; the first layer line principal
component. The percentage denotes the intensity ratio of respective regions against the total layer line intensity. (From [18]).
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unknown. We found plausible models for the disposition
of the TN core domain region and the TM strands both
in the resting and contracting states of muscles at full fil-
ament overlap which explained reasonably the observed
layer line intensity data. The obtained models refined
our previous models [18] and are depicted in Fig. 5A
and B. The long axis of the TN core domain sitting at
the radius of 5.37 nm was oriented nearly parallel to the
TM strand in the resting state, and in the force generation
state the core domain kept mostly its resting orientation
but slewed around the filament axis with its center of
gravity shifting slightly inward. The TNC moved by
�0.2 nm outward from the F-actin surface during con-
traction, consistent with the neutron scattering [11] and
FRET data [14]. The long TNT1 part was located on
the TM strand and moved together with the TM strand
in the present modeling. In our studies, allowing TM
and TNT1 to move independently did not yield good fits
to the observed intensity data. The TM strands were
located near subdomain 1 of actin at a radial position
of about 3.43 nm from the filament axis in the resting
state and moved toward the inner domain by �20� in
the contracting state with an increase of the radius by
�0.3 nm. In the models, the binding sites of myosin heads
are covered by TM molecules in the resting state and
uncovered during contraction. Preliminary modeling using
the intensity data of overstretched muscle upon activation
reveals that the TN core domain remained mostly in the
resting position and the TM strand and TNT1 were
located in an azimuthal position intermediate between
the resting and contracting states, being possibly consis-
tent with the docking model on the EM-reconstructed
thin filament in the high Ca2+ state by Pirani et al. [13].
Our present modeling results concerning the TM shift
do not support the implications of the FRET data [6].
More detailed modeling is needed to clarify this point.
The calculated and observed layer line intensities are com-
pared in Fig. 5C and D. The R-factor was �0.14 in the



Fig. 4. (A) Intensity histograms of the first to fourth order TN-associated meridional reflections in the resting and activating states of overstretched muscles.
The symbols on the bar graphs denote the calculated intensities from the respective models of the lowest R-value in (B). Vertical lines on bar graphs are
associated SD. (B) The simplified model of TN bound to thin filaments and parameters used in the calculation. The circle and the flat ellipse denote the TN
core domain and the TN tail domain, respectively (see text). The lower figure denotes the box functions mimicking the above model in which a, b, and lt

denote the effective sizes of the core domain and the tail domain along the fiber axis, and hc+I and hT are the effective heights of the mass densities of the two
domains projected onto the fiber axis. (C) The box function models giving the lowest R-value in each state of overstretched muscles. The gray box shows the
mass portion of the overlap between two domains. The numerical values are the relative weights and the lengths of the respective parts. (Modified from [18]).
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resting state and �0.13 during contraction. Note that the
outward shift of TNC within the core domain reproduce
well the slight inner shifts of the intensity profiles of the
5.1- and 5.9-nm layer lines in the contracting state. The
radial intensity profiles of the troponin-associated meridi-
onal reflections with the repeat of 38.4 nm calculated from
the present models agreed well with data from the ori-
ented sol of extracted thin filaments (T. Oda (RIKEN),
unpublished data).
Spacing changes of troponin-associated meridional

reflections

Spacing changes of the three TN-associated meridional
reflections were investigated upon activation of over-
stretched muscles and during isometric contraction of mus-
cles at full filament overlap. The average spacing changes
of TN reflections relative to the resting values were com-
pared with those of the actin-based reflections in Fig. 6A.



Fig. 5. The best-fit models of the thin filament in the resting state (A) and contracting states (B) with their cross-section viewed from the M-line. The upper
side is toward the M-line in the side-views. F-actin is shown by blue balls, in which four main subdomains of an actin monomer are denoted by red, orange,
magenta and pink in the order of the subdomain number. Tropomyosin (TM) is shown by the two strands of white balls and the troponin (TN) subunits
are shown by light blue balls (TNC), green balls (TNI), and yellow balls (TNT). In the cross-section, the movements of TM and TNT in the transition of
muscle from rest to isometric contraction were shown by arrows. In (C) and (D), the calculated and observed layer line intensities are compared.
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Fig. 6. (A) Fractional spacing changes of the TN-associated meridional reflections upon activation of overstretched muscles and during isometric
contraction at full filament overlap. For a comparison, the spacing changes of three actin-based reflections are shown; 2.7, 5.1 and 5.9 denote the 2.7-nm
meridional, 5.1- and 5.9-nm layer line reflections, respectively. The spacing change of the 2.7-nm reflection (2.7 calc.) was calculated from those of the 5.1-
and 5.9-nm reflections. (B) The helical symmetry of the actin filament in various states of muscle. The helical symmetry expressed by residues/turns (the
value within the bar-graph) was derived from the ratio (the value above the bar-graph) of the pitch of the 5.9-nm helix and the axial rise of the monomer in
the filament. The two dashed lines denote the levels of the 13/6 symmetry and the 28/13 symmetry, respectively.
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Upon activation of overstretched muscles, the average frac-
tional spacing change decreased by �0.09%. In the transi-
tion of muscles at full filament overlap from rest to
isometric contraction, it increased by �0.24%. Thus the
activation and the actomyosin interaction caused the TN
reflections to change spacing in opposite directions. These
spacing changes of the TN-associated reflections followed
those of the 2.7-nm actin meridional reflection, indicating
that the repeating distance of TNs was altered by the exten-
sibility of the actin filaments. As evidenced by the differen-
tial spacing changes of the actin reflections upon activation
[27], the extensibility of the thin filaments was accompanied
by the twisting change (twisting of right-handed helices).
Thus, Ca2+-binding to TN triggers the shortening and
twisting changes of the actin filaments, possibly prerequi-
site for subsequent force generation. From the ratio of
the axial spacings of the 5.9-nm layer line and the 2.7-nm
meridional reflection, the helical symmetry of the actin fil-
ament can be estimated in various states (Fig. 6B). In the
resting state, the ratio was 2.1621 and the actin filament
has an 80 subunits/37 turns symmetry, and upon activa-
tion, it was 2.1632 and the actin helical symmetry shifts
slightly toward the 13 subunits/6 turns symmetry (an
106/49 symmetry), representing a switch-on configuration
of the thin actin filaments by Ca2+-binding. (Note that this
symmetry change upon activation differs in the direction
from that derived from the electron micrographs of recon-
stituted thin filaments by addition of Ca2+ ions [28].) In
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other word, the actin filament is strained in the resting state
and Ca2+-binding to TN would release the strain of actin
filaments, leading to a stable equilibrium state. As the ten-
sion develops, it turns toward the 28 subunits/13 turns
symmetry (a 54/25 symmetry), and this symmetry presum-
ably yields an appropriate geometry for active interaction
between actin and myosin crossbridges in their incommen-
surate periodicities.
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