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Analysis methods and quality criteria for
investigating muscle physiology using
x-ray diffraction
John M. Squire1,2 and Carlo Knupp3

X-ray diffraction studies of muscle have been tremendously powerful in providing fundamental insights into the structures of,
for example, the myosin and actin filaments in a variety of muscles and the physiology of the cross-bridge mechanism during
the contractile cycle. However, interpretation of x-ray diffraction patterns is far from trivial, and if modeling of the observed
diffraction intensities is required it needs to be performed carefully with full knowledge of the possible pitfalls. Here, we
discuss (1) how x-ray diffraction can be used as a tool to monitor various specific muscle properties and (2) how to get the most
out of the rest of the observed muscle x-ray diffraction patterns by modeling where the reliability of the modeling
conclusions can be objectively tested. In other x-ray diffraction methods, such as protein crystallography, the reliability of
every step of the process is estimated and quoted in published papers. In this way, the quality of the structure determination
can be properly assessed. To be honest with ourselves in the muscle field, we need to do as near to the same as we can,
within the limitations of the techniques that we are using. We discuss how this can be done. We also use test cases to reveal
the dos and don’ts of using x-ray diffraction to study muscle physiology.

Introduction
In the early 1950s, the first examinations of muscle structures by
x-ray diffraction were being performed (e.g., Huxley, 1953). At
around the same time, x-ray diffraction studies from protein
crystals were initiated, and the technique of protein crystallog-
raphy was established (Perutz, 1949). For muscle and with
protein crystals, usually a thin monochromatic x-ray beam is
used to illuminate the specimen, and on the other side of the
specimen, a diffraction pattern can be recorded (Fig. 1 a). As
described by Squire (Squire, 1981, 2019), these methods are ex-
amples of imaging techniques. In the case of microscopes (op-
tical or electron), the beams diffracted or scattered into the
objective lens are refocused onto a point in the image plane, and
an image of the scattering object can be formed. All of the
scattered beams (each having wave properties) are associated
with an intensity (brightness) and a relative phase. Recombining
the scattered beams with the correct amplitude (square root of
intensity) and phase produces the required image. Light and
electron lenses preserve the relative phases of the scattered
beams along their path through the instrument so that a good
image is produced. However, x-ray beams are not easily focused,

so all that can be done is to record the diffraction pattern on a
film or detector to obtain the distribution of diffracted intensi-
ties. Unfortunately, this process removes knowledge of the
phases associated with each beam, so half of the information
needed to produce an image is missing. This is known as the
phase problem. In protein crystallography, x rays are typically
directed onto a single crystal that is rotated to different angles in
the x-ray beam, and a pattern is recorded for each angle. A full
set of 3-D diffraction information is obtained. In the mid- to late
1900s, protein crystallography methods were developed to ob-
tain indirect experimental estimates of the phases, thus enabling
an image to be obtained in a computer using all the known
amplitudes and phases. The method is enormously powerful
and, with suitable crystals, can solve structures to very high
resolutions and with objectively assessed reliability (Wlodawer
et al., 2008).

Diffraction from muscle is intrinsically different from dif-
fraction from a single crystal. In striated muscles, the sarco-
meres are within myofibrils that have random rotations around
themuscle fiber axis. Myofibrils are parts of fibers that also have
random rotations. This means that diffraction patterns recorded
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from muscle are patterns obtained from diffraction information
that is rotated around the fiber axis; many of the intensities are
smeared together. This is a so-called cylindrically averaged dif-
fraction pattern, known as a “fiber diffraction pattern” (it also ap-
plies to many other kinds of fiber apart frommuscle; see Fraser and
MacRae, 1973). In this case, as well as having the phase problem to
deal with, different diffracted beams overlap and are difficult to
unscramble.

There are very few good methods to find the phases in fiber
diffraction patterns. A different approach is needed. What can
be done is to make an informed guess at a possible model
structure, calculate its expected diffraction pattern, and com-
pare this with what is observed. If the fit is not good enough, the
model can be adjusted to make the agreement better. However,
there is as yet no generally agreed method of assessing the va-
lidity of models obtained from x-ray fiber diffraction data from
muscle. It is sometimes the case that very different models will
fit the observed diffraction patterns equally well. Here, we
discuss this problem in more detail and outline a possible ob-
jective quality control method by which to know whether any
models that are produced can be relied on. We also show how
x-ray diffraction frommuscle in some cases can be used as a tool
to determine various muscle features in a relatively unambig-
uous way without modeling.

There are several papers and books on the x-ray fiber dif-
fraction technique available in the literature (e.g., Holmes and Blow,
1965; Vainshtein, 1966; Fraser and MacRae, 1973; Chandrasekaran
and Stubbs, 2012) and several reviews on the application of fiber
diffraction methods to muscle (Squire, 1981; Harford and Squire,
1997; Squire, 2000; Squire and Knupp, 2005, 2017; Squire, 2019).
The present paper does not revisit these fundamental principles; the
interested reader should look at some of these older reviews. Here
we add to those reviews in discussion of (1) how to use x-ray dif-
fraction as a tool to determine various muscle properties and (2)
how to model x-ray diffraction data from muscle with a sensible
measure of reliability.

Description of muscle x-ray diffraction patterns
Despite the problem with fiber diffraction studies, muscle is a
relatively kind specimen in that many striated muscles are well
enough ordered to give beautifully rich diffraction patterns. Ex-
amples are given in Fig. 1, b and c. Most muscle x-ray diffraction

Figure 1. Schematic diagram of the geometry of a fiber x-ray diffraction
pattern. (a) A narrow, monochromatic beam of x rays entering from the left
impinges on the (vertical) fiber, which diffracts the x rays onto a screen or
detector. Typical fiber diffraction patterns consist of a symmetrical pattern of
horizontal lines of intensity known as “layer lines,”with the layer line through
the pattern center known as the equator. The central vertical axis is the
meridian. The axial positions of the layer lines (S) tell us about the axial
periodicities of the diffracting objects in the fiber, provided the x-ray wave-
length (λ) and the camera length (D) are known. The angle of diffraction (2θ)
is tan−1 (S/D). This can be put into Bragg’s law (nλ = 2 d sin θ) to calculate the
value of d, the spacing in the diffracting object. Bragg’s law shows that
the larger d is, the smaller is 2θ; there is a reciprocal relationship between
the spacings in diffracting objects and the positions of the diffraction spots
that they give rise to. The middle of a diffraction pattern provides low-
resolution information, and the resolution increases as spots occur farther
away from the center. For fibers that are well ordered in 3-D, the horizontal
layer lines will be broken up into spots of intensity that lie along vertical row
lines. In diffraction patterns fromwell-orderedmuscles, the equator and layer
lines are all sampled on the same row lines, which provide information about
the lattice of filaments in the muscle, particularly the A-band. Less well-
ordered muscles may have sampling along the equator, but not along the
layer lines. Fig. 1 a is reproduced from Squire and Knupp (2017). (b) Low-

angle x-ray diffraction pattern from bony fish muscle in the relaxed state
(Harford and Squire, 1986). Meridional peaks are labeled M3, M6, and so
forth, and myosin layer lines are labeled ML1, ML2, and so forth. For details,
see text. (c) Low-angle x-ray diffraction pattern from insect flight muscle in
the relaxed state (courtesy of Prof. Mike Reedy, Duke University, Durham,
NC). Labeling is similar to b. (d) The A-band lattice in higher-vertebrate fast
muscles such as those in frog sartorius showing different rotations of the
myosin filaments around their long axes, producing a superlattice structure
(Huxley and Brown, 1967; Luther and Squire, 1980, 2014). (e) The equivalent
lattice to d but for simple lattice muscles such as bony fish muscle, where all
the myosin filaments have exactly the same rotations forming a regular,
quasi-crystalline A-band (Harford and Squire, 1986; Luther and Squire,
1980). The quoted lattice dimensions are approximate; there is variation be-
tween muscles and with sarcomere length. Fig. 1, d and e, is modified from
Luther and Squire (1980).
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patterns have the same basic appearance. With the fiber axis
vertical, the diffracted intensity falls along horizontal layer
lines, with the layer line through the center of the pattern being
called the “equator” (Fig. 1, a–c). Myosin filaments and actin
filaments are all quasi-helical structures, and they give their
own characteristic layer-line patterns (Squire, 1981). In verte-
brate muscles and other muscles such as those from tarantula,
the axial repeats in the actin and myosin filaments are differ-
ent, meaning that their layer lines fall at different axial posi-
tions and can be separated. Insect flight muscle is different in
the sense that the actin and myosin filaments have related axial
repeats and some of their layer lines overlap (AL-Khayat et al.,
2003). The central vertical line in the diffraction pattern is the
meridian, and actin and myosin filaments both contribute to
this, as well as other sarcomere components such as C-protein
and troponin (Offer et al., 1973; Rome et al., 1973a, 1973b; Bordas
et al., 1993; Martin-Fernandez et al., 1994; Squire et al., 2017).

The equator of the x-ray diffraction pattern, the horizontal
line through the pattern center (Fig. 1 a), arises from the density
distribution through the muscle sarcomere when viewed down
the fiber axis. This means that the actin and myosin filaments,
with all their associated proteins, contribute to what is seen on
the equator. Muscles with regular A-bands, such as vertebrate
striated and insect flight muscles, show well-defined diffraction
peaks along the equator that arise from the hexagonal lattice of
filaments present in the muscle A-bands. Other muscles with
less well-ordered lattices give equatorial intensity that may be
only partially sampled. In 3-D, if the myosin and actin filaments
do not have regular rotations around their long axes, then the
sampling seen along the equator is not repeated in the layer
lines, which may be partially sampled (if there is a superlattice;
Fig. 1 d) or completely unsampled, depending on the degree of
order in the muscle. However, some striated muscles such as
bony fish muscle and insect flight muscle are such that all the
myosin filaments have the same rotation around their long axes
right across the A-band. They are what is known as “simple
lattice muscles” (Harford and Squire, 1986; Luther and Squire,
1980, 2014; see Fig. 1 e for bony fish muscle; a simple lattice has
also been seen in vertebrate slow muscle; Ma et al., 2019). The
result of this is that all the layer lines are sampled in the same
way as the equator (Fig. 1, b and c). In the case of bony fish
muscle, the myosin filaments are on a simple lattice, and the
myosin layer lines are sampled as on the equator, giving vertical
row lines of intensity (Fig. 1, b and c), but the actin filaments are
not as well organized, and the actin layer lines are relatively
unsampled. In insect flight muscle, however (Reedy, 1968; AL-
Khayat et al., 2003; Perz-Edwards et al., 2011), the myosin and
actin filaments are both well organized, so all the layer lines,
including those from actin, are well sampled on row lines out to
a certain resolution (Fig. 1 c).

Setting up models
As we discuss later, parts of the muscle diffraction pattern can
be used as tools to directly detect or measure various sarcomere
features, but other parts of the pattern, including much of the
meridian, are not easily interpreted, and in such cases it is often
necessary to set upmodels for the variousmuscle components in

terms of variable parameters that can be changed until there is
good agreement between the observed and calculated diffraction
patterns. Such models are heavily dependent on what we know
already about various components of muscle. One of the good
things about x-ray fiber diffraction is that the positions of the
diffraction spots can be measured, often quite accurately, and
these give direct, unambiguous information about the spacings
and dimensions of objects in the fiber, from which the filament
symmetry can often be deduced (see Squire, 1981). The lattice
spacing (lateral filament separation) can be determined directly
from the equatorial spacings, and this is a help in monitoring
what is happening to the lattice, such as the sarcomere length
changes, or as a consequence of myosin head binding to actin in
active muscle, or in skinned fibers that have swelled during the
preparation process. The axial spacings of the layer lines can, for
example, define the axial repeats in the myosin and actin fila-
ments. From the equator, we can find the size of the A-band
lattice unit cell. The use of layer line peak positions can also
be used as a measure of the mean radial position of the heads.

If modeling is required, we now know the structures of the
myosin head in various states (Rayment et al., 1993; Dominguez
et al., 1998; Houdusse and Sweeney, 2016; Sweeney et al., 2020)
and of G-actin (Kabsch et al., 1990). From high-resolution EM
and single-particle analysis, we now have good structures for
the whole thin filament with tropomyosin and myosin head la-
beling (Behrmann et al., 2012; von der Ecken et al., 2016) and
evidence about the location of troponin (Paul et al., 2017;
Yamada et al., 2020). There are also good structures for the
myosin filaments from a variety of muscles (e.g., Woodhead
et al., 2005; Zoghbi et al., 2008; AL-Khayat et al., 2008, 2013;
Hu et al., 2016; Daneshparvar et al., 2020). In the case of human
cardiac muscle myosin filaments, there are suggestions about
the locations of titin (Brynnel et al., 2018) and myosin-binding
protein-C (Offer et al., 1973; AL-Khayat et al., 2013). The all-
important questions, then, are about how proteins such as the
myosin head, C-protein, tropomyosin, and troponin move when
muscle contracts. In other words, how does muscle work? Time-
resolved x-ray fiber diffraction is a very powerful method to
study some of these things. Here we discuss methods to achieve
the most reliable results about the physiology of the contractile
mechanism.

Assessment of the quality of models
The necessity to have quality criteria associated with con-
clusions from modeling muscle properties using x-ray diffrac-
tion data are obvious; without them, it may well be that totally
false conclusions are reached that others will take as fact.

In an abstract way, we can think of a model as a set of
functions that can be used, given some parameter values, to
calculate the expected values of the observations. Let us assume
that we have a set of observations O1, O2, O3, … ON. The model
can be thought of as a set of functions F1, F2,… FN, dependent on
the parameters P1, P2, P3, and so forth that can be used to cal-
culate the expected values of O. The complexity of the model will
be mirrored by the complexity of the functions representing it.
Finding the correct values for the model parameter is therefore
equivalent to solving the system of simultaneous equations:
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F1(P1, P2, P3,…)� O1

F2(P1, P2, P3,…)� O2

F3(P1, P2, P3,…)� O3

FN(P1, P2, P3,…)� ON

The question is, how many model parameters P can be deter-
mined uniquely given a set of observations O? The answer
clearly depends on the model; that is, on the functions F1, F2, …
FN. In a best-case scenario, the functions are a linear combina-
tion of the parameter values P1, P2, and so forth. In this case, the
minimum number of observations needed to determine the
parameter values is the same as the number of parameters used.
Any fewer observations, and the parameters are not uniquely
determined; we might find parameters that fit the observations,
but there will be many other possible solutions. But this is a
best-case scenario. The functions F1, F2, … FN could be a higher-
degree combination of the parameters P1, P2, P3, and so forth. In
this case, the number of observations needed to determine the
values of the parameters could be much higher, depending on
the complexity of the model. In light of this, it is easy to see how
important it is to keep the models simple and make sure that
there are enough observations to fit them. At the very least, if
the number of observations is smaller than the number of pa-
rameters needed to define the model, it is very unlikely that the
model parameters can be uniquely determined.

Also, with muscle diffraction data, the experimental ob-
servations are subject to experimental errors; to be happy with
any modeling that is performed, it is much healthier to make
sure that the number of observations is significantly greater
than the number of parameters to be determined.

Estimating the number of independent observations
The estimation of the number of truly independent observations
being used for modeling depends on the kind of diffraction
pattern that is being studied and the predicting power of the
models themselves (essentially the form of the particular set of
equations F1, F2,…mentioned above). If the pattern is one of the
discrete spots along layer lines, as in the case of those from bony
fish muscle (Fig. 1 b) and insect flight muscle (Fig. 1 c), and as-
suming the lattice dimensions have been defined, then the
simplest models will make specific predictions for the intensity
of each spot of the diffraction pattern. Therefore, each spot in
one quadrant can be taken as one observation, as can each me-
ridional peak. There may be additional information to use, if
appropriate, such as the peak widths, which give an idea of the
extent of the diffracting array and the degree of order in the
lattice, but these need to be estimated considering several dif-
fraction peaks together, and the number of extra observations
will not be large (Eakins et al., 2019).

In the case of continuous layer lines where the intensity
varies smoothly with the radius from themeridian, sampling the
intensity along the layer line more finely in an attempt to in-
crease the number of observations is not a recommended
strategy, because this could only be supported meaningfully by
prohibitively complex models. A good way to think about the
number of independent observations in a smooth curve, which
in turns sets the constraint for the complexity of the models that

can be tested, is to estimate how well the curve could be fitted
by, say, a polynomial function or a set of overlapping Gaussian
shapes or a Bessel function and then to estimate how many
parameters are needed to generate the polynomial, the Gaus-
sians, or the Bessel function. In the simplest case, the observed
peak shape may approximate just to a single Gaussian, and, for
the kind of simple models usually used in the muscle field, even
though the intensity might have been sampled in, say, 100 po-
sitions along the layer line, the shape only needs three param-
eters to fit it, namely the position of the Gaussian center along
the layer line, the width of the Gaussian, and its peak height (or,
alternatively, its area). More complex profiles might require
more Gaussians to fit them, and the effective number of ob-
servations will increase accordingly.

Note that another way to proceed could be to use the equa-
torial peaks, if the equator is sampled, to show where row lines
would have been if the muscle had been “crystalline” and the
layer lines had been sampled as well. However, any modeling
should not then assume that the object is a crystal. This approach
is saying that the structure to be modeled in the muscle is
bounded by the edges of the unit cell defined by the equatorials.
In doing the modeling, the diffracting object must still be con-
sidered to be cylindrically averaged and the diffraction pattern
unsampled.

Take as an example the intensity profile along the actin sixth
layer line at 59 Å in Fig. 2 a (green trace). This is from bony fish
muscle set at a sarcomere length of 2.2 µm and in the relaxed
state (Eakins et al., 2018). It is not a simple Gaussian shape, so
Eakins et al. have used PeakFit (http://sigmaplot.co.uk/products/
peakfit/peakfit.php) to try to reproduce it as a sum of Gaussians.
Fig. 2 c shows that to fit the whole profile across the meridian of
the diffraction pattern reasonably well requires only five Gaus-
sians. One of these is the peak on the meridian. The others
occur in symmetrical pairs that can be averaged across the
meridian, so only three independent Gaussians are needed to fit
the whole profile. This gives width and peak height for the
meridian and position, width, and peak height for the two
peaks describing the off-meridional part of the intensity, eight
observations in all. It would be fair to say that to fit this 59 Å
layer line with a model, even though the intensity may be
sampled at 100 points, contributes only eight independent ob-
servations. With several actin layer lines, the number of in-
dependent observations can build up, but it is still necessary to
check that the total number of free parameters in any model
that is being tested is less than the number of observations.

As described later, there are objective ways of determining
whether the use of extra model parameters is justified.

Test case 1: Modeling actin filaments
Another approach to modeling the thin filament was used by
Squire et al. (1993) and Al-Khayat et al. (1995). The modeling of
the actin filament in the relaxed and active states (in nonoverlap
muscle to remove the complications ofmyosin head labeling) used
features of the observed actin layer lines 1–8 with a model rep-
resentation of the actin monomer as four spheres. The strands of
tropomyosin were represented by overlapping spheres (Fig. 2 b).
In principle, each sphere representing an actin subdomain
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required its position to be defined by four parameters: the
sphere radius (R), the radial position of the sphere center from
the filament axis (r), an azimuthal angle (ø; rotation angle
around the filament axis), and an axial position (z). There are
four actin subdomains, so this would give 16 unknown pa-
rameters. We do know the relative weights of the subdomains,
so the value of R could be calculated accordingly, assuming a
uniform protein density. However, there is a need for a refer-
ence point in space, so the values of ø and z for one subdomain
(subdomain 3 was chosen; Fig. 2 b) could be set to 0 and ev-
erything else defined relative to the position of that subdomain.
This left 10 unknown parameters to be determined for the actin
part of the thin filament. The tropomyosin strands, represented
as overlapping spheres each of radius RTM (once again deter-
mined by the weight of tropomyosin) and assumed to be on a
perfect helix, required a radius from the helix axis (rTM) and
azimuth (øTM). The whole analysis therefore required the de-
termination of 10 unknown parameters for actin and 2 for
tropomyosin. The possible effects of disorder were not con-
sidered at this stage.

In this study, the defined task was to determine the low-
resolution changes in thin-filament structure on going from
the relaxed to the active state in nonoverlap muscle. As far as
observations were concerned, the observed peak shapes along

the layer lines in the two states were defined not as layer line
profiles as in Fig. 2 a but in terms of a small range of radial po-
sitions for each observed peak and their intensity relative to that
on the sixth layer line at 59 Å, which was taken as a reference.
There were therefore 8 layer lines with 2 parameters from each
for 2 filament states, giving 32 observations to be fitted. The 59 Å
peak height from relaxed muscle used as a reference reduced this
to 31. An additional observation was the known radius of gyration
of the actin filament (Hartt and Mendelson, 1980).

The starting point of the calculations was a simulation of the
F-actin structure determined by Holmes et al. (1990) and Lorenz
et al. (1993). In addition, the positions of the actin subdomains
were not considered to be totally free in that they were con-
strained within a given monomer to be within sensible prox-
imity to each other; they are all part of the same protein
molecule. This applied to the separations of covalently linked
subdomains 1 and 2, 1 and 3, and 3 and 4. So, the effective
number of free parameters was considerably less than 31. The
results, which showed sensible movements of tropomyosin and
particularly of subdomain 2 between the relaxed and active
states, were therefore fully justified by the observations being
fitted and the constraints on the modeling.

Note that the protein nebulin (Kiss et al., 2020), which is also
present in some actin filaments, was not included in this

Figure 2. Fitting x-ray reflections. (a) Intensity
profile along the sixth actin layer line at ∼59 Å
from bony fish muscle in three different states:
resting muscle (green), rigor muscle at 2.2-µm
sarcomere length (blue), and rigor muscle at
2.5-µm sarcomere length (red). Reproduced
from Eakins et al. (2018). (b) The simple ge-
ometry needed to model actin/tropomyosin
filament structure out to ∼45 Å resolution: four
spheres for actin, one for each subdomain, and
a set of equal overlapping spheres for tropo-
myosin. The origin for measurement of the az-
imuthal angle (Ø) and the axial position Z was
taken as the center of actin subdomain 3. For
details, see text. Adapted from Al-Khayat et al.,
1995. (c) Profile of the green trace in a showing
both sides of the meridian (intensity vertical
axis; position 0 is the meridian) and profile fit-
ting by five overlapping Gaussian functions us-
ing PeakFit (http://sigmaplot.co.uk/products/
peakfit/peakfit.php). For details, see text.
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modeling. Nebulin has a molecular weight per actin contractile
unit (seven actins, one tropomyosin, and one troponin) of ∼32
kD compared with actin (∼7 × 42 = 294 kD), tropomyosin (∼70
kD), and troponin (∼80 kD). Were it to run along the tropo-
myosin strands, it would add ∼50% to the mass of tropomyosin.
Remembering that intensity is a function of the square of the
mass, it would add ∼25% to the tropomyosin diffraction con-
tribution). The structure and role of nebulin in the thin fila-
ments have yet to be determined, although they are known to be
involved in thin filament length determination (Kiss et al.,
2020). The tropomyosin contributes mainly to the lower-order
actin layer lines (1–3), and very little to the 6th (59 Å) and 7th (51
Å) layer lines, so the omission of nebulin in the calculations
would probably have had little effect on the conclusions.

Note that fitting data such as the low-angle diffraction pat-
terns from actin filaments, as one usually obtains from intact
muscle, does not need definition of the actin filament structure
at high resolution. At best, muscle x-ray diffraction patterns
show layer lines to ∼27.5 Å resolution, and often layer lines are
recorded only to the sixth or seventh layer lines at 59 Å and 51 Å,
respectively. Courtesy of Danielle Paul and Marston Bradshaw
(School of Physiology, Pharmacology and Neuroscience, Uni-
versity of Bristol, Bristol, UK), Fig. 3 shows what the F-actin

filament looks like when viewed at different resolutions;
namely (a) 3.6 Å, (b) 27.5 Å, and (c) 59 Å. The whole high-
resolution structure (a) could, of course, be used in modeling,
but the usual problem is one of reducing computing time to
manageable values. With many parameters, and doing global
searches over those parameters, or even simulated annealing
procedures (e.g., Hudson et al., 1997), estimated computing
times can range from hours to years, so simplifying the problem
in a sensible way makes it practically possible to reach good
conclusions in realistic times. Having said that, it is possible
when a conclusion has been reached using a sphere model to
replace the final model by a suitably adjusted high-resolution
structure and then to refine this structure against the ob-
servations, although this is not necessary and is not often done.

Representing the subdomains as spheres is quite adequate in
solving low-angle x-ray diffraction data from actin filaments. In
fact, Parry and Squire (1973) successfully modeled the actin fil-
ament and tropomyosin shift out to the seventh layer line just
with single spheres for the whole actin monomer and over-
lapping spheres for the tropomyosin, and the results have stood
the test of time (see also Huxley, 1973; Haselgrove, 1973; Vibert
et al., 1997; Squire and Morris, 1998). With better data, the more
detailed modeling of the actin monomer as four subdomains, as
done by Squire et al. (1993) and Al-Khayat et al. (1995) (Fig. 2 b),
was able to confirm the tropomyosin shift and also to show the
significant movement of actin subdomain 2 without the need to
go to higher resolution.

Test case 2: Modeling myosin filaments in relaxed
“quasi-crystalline” muscles
Turning now to themodeling of the cross-bridge array and other
components of the muscle myosin filament, the task is very
much simplified if the muscle is well ordered as in relaxed bony
fish muscle (Fig. 1 b) and insect flight muscle (Fig. 1 c). Here,
each observed diffraction peak in one quadrant and on the
meridian of the well-sampled diffraction patterns can be con-
sidered as an independent observation. There are four copies of
each (two of the meridionals) because the four quadrants are, in
principle, equivalent if the muscle is at 90° to the x-ray beam.
These can be averaged to get a more reliable intensity figure for
each peak. If the incident angle is not 90°, the pattern will ap-
pear asymmetric across the equator, but equivalent reflections
in the four quadrants can still be combined if the pattern is
converted to reciprocal space and then properly peak fitted (e.g.,
using FiberFix; Rajkumar et al., 2007).

Once the peak intensities have been determined, modeling
then depends on how many parameters are needed to do the job
properly. In the case of vertebrate muscle, there are three
crowns of heads in a 430 Å repeat, with six heads in each crown.
We know there are perturbations of the structure (Huxley and
Brown, 1967; Harford and Squire, 1986; AL-Khayat et al., 2013),
so the three crowns do not all have the same structure, even
though their origins on the backbone may be along helical tracks
(AL-Khayat et al., 2008). At a minimum, we need to find an R for
the head origins in each the three crowns and then an azimuthal
angle, an axial tilt, and an angle of rotation of each head around
its long axis. Assuming that the filament array has threefold

Figure 3. Space-filling representations of F-actin filaments at three
different resolutions. (a) 3.6 Å resolution. (b) 27.5 Å resolution. (c) 50 Å
resolution. Low-angle x-ray diffraction patterns from muscle actin usually
show layer lines out to ∼51 Å resolution, sometimes out to the meridional
reflection at 27.5 Å. Even at that higher resolution, the detail in the structure
is not great. Modeling with the kind of simplified approximation in Fig. 2 b is
quite justified. Courtesy of Danielle Paul and Marston Bradshaw.
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rotational symmetry (Squire, 1972) and no radial perturbation,
this gives one value of R and 3 parameters for each of the 6
nonequivalent heads in a 430 Å repeat, a total of 19 parameters.
If the head shape is allowed to alter as well, such that the lever
arm is one object and the motor domain is another that can
rotate on the lever arm, then there are 3 more parameters (az-
imuthal tilt, axial tilt, and rotation of the motor domain around
its axis) per nonequivalent head, or 18 more parameters, for a
total of 37 parameters. An additional parameter is the rotation of
the whole filament around its long axis relative to the unit cell
sides, 38 parameters in all, ignoring any disorder parameters.
These parameters were refined by Hudson et al. (1997) and later
by AL-Khayat and Squire (2006) by modeling against 56 ob-
served independent intensities. The quality of the model was
tested using an objective goodness-of-fit factor or R-factor,
which compared the observed and calculated intensities. It was
found that at the resolution being considered, out to ∼72 Å, in-
clusion of slight axial, radial, or azimuthal origin perturbations
had little effect on the goodness of fit, so not including them was
justified. The weighted R-factor used by Hudson et al. (1997),
which is a satisfactory one to use in muscle modeling, was:

R �
P
i�1
(Ioi − Ici )

2
.
σ2
i

PN
i�1

(Ioi )2
.
σ2
i

,

where I0 is the observed intensity, Ic is the calculated intensity,N
is the number of observations, i denotes a particular observation,

and σi denotes the SD associated with the measurement of Ii0.
The inclusion of σi means that observed intensities that are
less reliable than others are down-weighted in the R-factor
calculation. If σi values are not available, then both of the σi2

factors can be removed from the R-factor expression above,
and reflections will be considered as equally accurate (i.e., put
σi2 = 1).

The preferred myosin filament structure by Hudson et al.
(1997) is shown in Fig. 4 a. One of the advantages of using data
from highly sampled (almost crystalline) diffraction patterns is
that there are tricks one can play to test the structure. For ex-
ample, the model and observed intensities, even with the best
model, will be slightly different. However, since we have a
model, the phases of the diffraction peaks can be calculated, the
relative intensities of overlapping peaks can be estimated, and
the amplitude (square root of intensity) differences can be used
with the calculated phases to generate a new “difference” den-
sity map by Fourier synthesis. Such a map for bony fish muscle
is also shown in Fig. 4 a. The density differences, both positive
and negative (see red and gray patches), show where density
should be moved to or from, but the actual difference density
values were found to be rather small, providing confidence in
the “best” structure, as shown in the main part of Fig. 4 a.

In recent times, nearly all isolated myosin filaments seen in
electron micrographs and analyzed by single-particle analysis
have shown the presence of the interacting head motif (IHM;
Wendt et al., 1999; Hu et al., 2016; Lee et al., 2018; Daneshparvar
et al., 2020). Analyses of x-ray patterns from vertebrate skeletal

Figure 4. Fourier difference synthesis and R-factor plots. (a) The best model of the bony fish muscle myosin filament in the relaxed state (data from the
work of Hudson et al., 1997). Myosin heads are yellow on a gray backbone. The red and gray patches are from a Fourier difference synthesis (see text) showing
where the difference density is positive (red) or negative (gray). The amplitudes of the difference densities are in fact very low, indicating that the model itself is
a good one. (b and c) The sensitivity of the R-factor used in the modeling in a to variations in certain parameters. The central points (0) in the plots represent
the R-factor values for the best model as in a, and the variations show the changes in the R-factor as one particular parameter is changed while all others are
kept fixed at their optimal values. Very small parameter changes can cause large increases in the R-factor, showing that these parameters are important ones. If
there had been no change, then the observations would not justify inclusion of that particular parameter in any modeling.
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and insect flight muscle by Knupp et al. (2019) and AL-Khayat
and Squire (2006) led to the suggestion that the IHM structure is
present in some physiological conditions, possibly forming the
superrelaxed (SRX), low–ATP use state (McNamara et al., 2015;
Tolkatchev et al., 2018), but in normal resting bony fish muscle,

a different structure appears to predominate. The IHM structure
has the heads compactly against the filament backbone (a “heads
in” structure), whereas in the model by Hudson et al. (1997), it
has the heads projecting further outward (a “heads out” struc-
ture). If this is real, then it is not known what causes the tran-
sition in the muscle, from the SRX (heads in) to the normal
relaxed (heads out) state, although treatment with mavacamten
can increase the IHM content (Nelson et al., 2020).

The elegant study by Nelson et al. (2020) has suggested that
there may be a mixed population of head states in relaxed ver-
tebrate skeletal muscle, with the SRX state, presumably the IHM
structure, being ∼28% of the total. Further modeling of relaxed
muscle with a mixed head population, mostly heads out, but
with a small proportion of IHM heads, is warranted and may
help to determine even more accurately the head conformation
in the heads out structure.

Finally, in doing modeling, it is necessary to test the appro-
priateness of the parameters that have been chosen. It may be
that there are some parameters in a particular analysis that have
very little effect on the region of the diffraction pattern that is
being modeled. This is very easily tested. Fig. 4, b and c, shows
the sensitivity of the R-factor in the analysis of Hudson et al.
(1997) to various parameters. The center of each plot shows the
R-factor for the best model (Fig. 4 a), and the rest of each plot
shows how the R-factor changes when one particular parameter
is altered with all other parameters kept fixed at their optimal
values. Clearly, the R-factor is very sensitive to the values of
these particular parameters. If the same kind of thing had been
done and the result were that the R-factor did not change, then
the parameter being checked would essentially be redundant, its
value could be fixed, and it should not be included in any further
parameter search. In this way, the choice of appropriate ad-
justable parameters can be optimized.

Test case 3: Modeling myosin filaments in relaxed
noncrystalline muscles
Modeling myosin filament structure from x-ray diffraction
patterns from muscles that do not have the beautiful crystalline
order of fish muscle or insect flight muscle is much more diffi-
cult. An example is the layer-line pattern from tarantula leg
muscle (Fig. 5 a; Padrón et al., 2020). In its way, it is also a
beautiful pattern, but in this case, the layer lines are not sam-
pled. In a sampled diffraction pattern, one knows that the ob-
served peaks arise from the structure when viewed down
particular lattice planes through the unit cell. In the case of
unsampled fiber diffraction patterns such as that in Fig. 5 a, the
layer lines are cylindrical averages of everything on that layer
line, and it is not possible to determine how much the structure
under test diffracts in particular directions.

What has to be done here is to compare the general profile of
the layer lines with the cylindrically averaged profiles computed
from model structures. Of help is the fact that the myosin head
arrays in these muscles appear to be perfectly helical; there is no
perturbation. The problem is that there are probably many
structures that will give the same cylindrically averaged dif-
fraction patterns. Padrón et al. (2020) claimed that the observed
layer-line intensity distribution is well explained by the IHM

Figure 5. 2-D diffraction patterns and Fourier syntheses. (a) The beau-
tiful low-angle x-ray diffraction pattern from tarantula muscle from Padrón
et al. (2020) showing myosin filament layer lines ML1, ML3, and ML6 and
actin layer lines AL1 and AL6. Like vertebrate muscle, ML3 is at ∼145 Å, but
the myosin filaments are four-stranded, not three-stranded as in Fig. 4 a. The
layer lines are completely unsampled. Reprinted with permission from
Padrón et al. (2020). (b) The symmetrical intensity profile along the equator
of the low-angle x-ray diffraction pattern from bony fish muscle. The 10, 11,
20, 21, and 30 peaks come from the hexagonal unit cell of the myosin and
actin filaments in the A-band, and the peak marked Z comes from the almost
square lattice of actin filaments and α-actinin in the Z-band. (c and d)
Electron density maps of bony fish muscle viewed down the fiber axis and
calculated from the equatorial peaks out to the 30 peak: c from relaxed
muscle and d from fully active muscle. Cross-bridge density (C) moves from
around the myosin filaments (M) in resting muscle (c) toward the actin fila-
ments (A) in active muscle (d). Data from Harford et al. (1994).
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structure for tarantula, based on their EM reconstruction
(Woodhead et al., 2005). This may be true, although the fit is not
perfect, but, at best, they could claim that the pattern is con-
sistent with the observed layer-line pattern. It would not be
justified to claim that the IHM structure has been proved by
x-ray analysis to be the structure present in relaxed, intact ta-
rantula muscle. Amore detailed analysis with a model where the
head positions can be adjusted would be needed to do this, and
this would show how sensitive the fit is to cross-bridge position.
In other words, in doing, for example, a simulated annealing
search for the best parameters, it may well be that there are
several sets of parameters (i.e., different structures) that give
virtually the same R-factors. This is a real problem that em-
phasizes the advantages of studying highly ordered tissues such
as bony fish and insect flight muscles.

Test case 4: Determining cross-bridge movements in active
muscle using the equator as a tool and by modeling
The equator of the diffraction pattern, the horizontal line of
spots through the centers of the patterns in Fig. 1, provides in-
formation about sarcomere structure when viewed down the
fiber axis. A typical equatorial intensity profile from vertebrate
striated muscle is shown in Fig. 5 b. Most of the peaks come from
the A-band lattice, but some do come from the Z-band as well.
Classically, the A-band equatorial intensities have been used to
monitor cross-bridge position in different muscle states because
the inner two peaks, the 10 and 11 reflections, change their
relative intensities in a reciprocal way in patterns from resting
muscle, activemuscle, and rigor muscle (Haselgrove andHuxley,
1973; Yu and Brenner, 1989; Harford and Squire, 1992; Harford
et al., 1994). The 10 peak gradually reduces and the 11 peak
gradually increases through these three states. Rigor vertebrate
muscle has ∼100% of the myosin heads attached to actin (Cooke
and Franks, 1980; Lovell et al., 1981), so to a first approximation,
the number of attached heads in other states is often assessed
relative to rigor in terms of the intensity ratio I11/I10. However,
it should be remembered that this is a relatively crude way of
assessing attachment number, because it is known that two
muscles with the same proportion of actin-attached heads, but
with the heads in different configurations on actin, can give
quite different I11/I10 ratios (Lymn, 1978). We confirm this later
and also discuss an alternative to using the I11/I10 ratio.

If there are enough equatorial reflections to use, often up to
five for vertebrate muscle, namely the 10, 11, 20, 21, and 30 re-
flections, then it is possible to calculate electron density maps by
Fourier synthesis from the measured intensities and using es-
timated phases. Because, at the resolution being considered (the
30 spacing is ∼130–140 Å), the structure being studied is almost
centrosymmetric (density the same at +x,+y and −x,−y in projection
down the fiber axis onto the equatorial plane), the phase angles
cannot have any value between 0° and 360° but are restricted to
being 0° or 180°. These correspond to phase factors in different
terms of the Fourier synthesis expression of +1 or −1. It has been
found that phase sets +1, +1, −1, +1, +1, or +1, +1, −1, −1, +1 give the
most sensible distributions of density in the vertebrate muscle unit
cell compared with other combinations (Fig. 5, c and d; Yu and
Brenner, 1989; Harford and Squire, 1992; Harford et al., 1994).

Moving now to studies of the equator in time-resolved x-ray
diffraction studies through, for example, a tetanic contraction
(Haselgrove and Huxley, 1973; Huxley and Kress, 1985; Harford
and Squire, 1997; Hoskins et al., 2001; Eakins et al., 2016) or after
ATP release (Tsaturyan et al., 1999), it is possible to monitor
cross-bridge movement and cross-bridge configuration in a
systematic way. For example, Eakins et al. (2016) studied the
time courses of equatorial reflections out to the 32 peak (∼90 Å
resolution) during tetanic contractions of bony fish muscle and
were able to model the observed changes in terms of a simple
cross-bridge structural cycle. This cycle is often thought of as
including a weak binding state (Brenner et al., 1982; Yu and
Brenner, 1989) similar to a prepowerstroke state (Houdusse
and Sweeney, 2016), followed by one or more strongly bind-
ing, force-producing states, after which the bridges bind ATP,
detach from actin, then hydrolyze the ATP to ADP and Pi,
making them ready for a further cycle of weak binding and so
forth (Lymn and Taylor, 1971). Eakins et al. (2016) found that
they could model the observed equatorial intensity changes well
using a three-state cycle with two attached states, one an ini-
tially attached state not unlike the weak binding state in its ef-
fect on the equator and one strong, force-producing state such as
the rigor state in its effect on the equator. The populations of
states are shown in Fig. 6. Happily, to do this, they only needed
the amplitudes (square root of intensity) and not the phases of
the equatorial peaks. The number of parameters they were
trying to fit was significantly less than the number of ob-
servations. They also tested models with more states and found
that the inclusion of extra states did not significantly improve
the fitting of the observations. This is another way of testing the
reliability of any conclusions. If you add further complexity to a
model without improving the fit, then inclusion of the further
complexity is not justified by the data.

One of the conclusions from the time-resolved equatorial
analysis by Eakins et al. (2016) was that the changes in the 11
intensity, which were ahead of the 10 change and tension (Fig. 7

Figure 6. The changing populations of the three myosin head states
modeled by Eakins et al. The tension time course follows a similar trend to
the strong. Adapted from Eakins et al. (2016).
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a), were largely due to the weak binding or initially attached
state, and that the occupancy of the rigor-like or strong state had
a similar time course to the tension and the 10 peak. In other
words, there is a cross-bridge state (or mixture of states) on
actin similar to the weak binding state in its effect on the
equator, which is occupied ahead of tension production, fol-
lowed by an attached state (or a mixture of states), not signifi-
cantly different from the rigor state in its effect on the equator,
associated with tension production. In addition, the fact that the
10 and 11 peaks have different time courses emphasizes that they
are not just dependent on the number of attached heads; as
mentioned earlier, the head configuration on actin also has a
significant effect on the I11/I10 ratio (Lymn, 1978). Fig. 7 b shows
the variation of the I11/I10 ratio with time (symbols) compared
with that of tension (solid lines) for fish muscles with and
without partial sarcomere length control. The time courses are
clearly very different. The relative intensity changes of the 10
peak on its own (Fig. 7 a) appear to be a better measure of the
number of attached force-producing heads than the I11/I10 ratio,

although in a reciprocal way; the 10 intensity drops as more
heads are attached. This is supported by the experiments of
Reconditi et al. (2014), who show in their Fig. 3 A a linear rela-
tionship between 10 intensity and tension. Similarly, the 11 time
course is a better indicator of the initially attached population.

Finally, note that the diffracting characteristics of the weak
and strong are such that it is very clear that the myosin heads
have different configurations on actin in the two states (Eakins
et al., 2016). The way the motor domains label actin may be
different or the axial tilt of the lever armsmay be different in the
two cases. For example, a change in lever arm axial tilt between
the weakly and strongly attached states could take the headmass
closer to the actin filament and explain why the equatorial
pattern changes.

Test case 5: The meridional diffraction pattern
The meridian of the diffraction pattern has superimposed con-
tributions from every single component of the sarcomere. In pat-
terns from resting muscle, there are peaks from the cross-bridge

Figure 7. Time courses of the 10 and 11 equatorial reflections from bony fishmuscle. (a) The different time courses of the equatorial 10 (blue dots) and 11
(red dots) peaks from contracting bony fish muscle relative to tension (solid line) from Eakins et al. (2016). (b) The time course of the intensity ratio I11/I10 (dots)
compared with tension (solid lines) from bony fish muscle without sarcomere length control (black) and with partial sarcomere length control (red). In neither
case does the intensity ratio coincide with the tension trace. Reproduced from Eakins et al. (2016).
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array on the myosin filaments, which, as discussed above, could
have a mixture of heads in and heads out conformations, peaks
from the distribution of C-protein (myosin-binding protein-C),
and peaks from the myosin filament backbone, including titin.
In the case of vertebrate striated muscles, there are con-
tributions from the actin helix on one axial repeat and the
tropomyosin/troponin system on a different repeat. In patterns
from active muscle, all of these things still diffract, but possibly

in different ways from before, and, in addition, some of the
heads originally on the myosin filament backbone will now be
binding to actin monomers in a variety of conformations and
with an unknown axial distribution of the actin monomers that
are labeled. The second heads of molecules attached to actin will
probably have changed their conformation, too. These changes
will requiremodeling that usesmore parameters than for resting
muscle. To complicate matters still further, the diffraction

Figure 8. Meridional reflections and inter-
ference effects. (a) Intensity profile along the
meridian from frog muscle in the relaxed (top)
and active states (bottom). a.u., arbitrary units.
Reproduced from the work of Reconditi et al.
(2014). Reflections from myosin are labeled M1,
M2, and so forth. T1 comes from the troponin–
tropomyosin complex. The fine sampling of the
diffraction patterns comes from interference
between the diffracted x rays from the two
halves of the A-band as in e and f for C-protein.
Peaks to the left of each trace are from the
sarcomeres acting as diffraction gratings and
give a direct measure of sarcomere length at
least up to sarcomere length∼3.0 µm. (b–d) 3-D
reconstruction of the human cardiac muscle
myosin filament shown at three different reso-
lutions. b is the original map of AL-Khayat et al.
(2013), c is the same structure shown at 72.5 Å
resolution for active muscle, and d is shown at
145 Å resolution. c and d show the very low level
of detail that might be expected from analysis of
the M6 (∼72.5 Å) and M3 (∼145 Å) reflections
alone. Figures courtesy of Dr. Edward Morris.
(e and f) Analysis of the meridional peaks from
C-protein around M1 along the meridian of dif-
fraction patterns from some muscle types. The
middles of the two C-zones in e are separated by
the interference distance L. C-protein is a myosin
filament protein and occurs on every third crown
at a spacing of ∼430 Å in resting muscle. How-
ever, the outer part of C-protein can extend
across to actin (Squire et al., 2003; Luther et al.,
2011), where it binds, on average, at a slightly
different spacing of ∼440 Å. The net effect is a
C-protein meridional peak from one-half A-band
at ∼434 Å. For some muscles, this is then sam-
pled by the interference function to give two
unequal peaks, one at ∼442 Å stronger than one
∼417 Å (f). In other muscles, with a slightly dif-
ferent interference spacing L, an interference
peak is almost coincident with the center of the
underlying C-protein peak, and a single strong
M1 peak is seen (e.g., as in a). Reproduced from
Squire et al. (2003).
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from the bridge regions in the two halves of the A-band will
interfere, giving rise to interference functions of different perio-
dicities depending on, for example, whether the myosin heads are
myosin-centered or actin-centered or on the separation of the
C-proteins across the A-band. The reflections from tropomyosin/
troponin will also be sampled by an interference function, but this
time it is likely to be due to interference between the two halves of
the actin arrays across the Z-band (Squire, 1981, pp. 362–363). If it
is remembered also that different sarcomeres in a muscle will
have slightly different sarcomere lengths, giving slightly different
head-labeling patterns on actin in different sarcomeres, and that
diffraction from all sarcomeres will superimpose to give what is
recorded in the diffraction pattern, then some idea of the com-
plexity of the meridian will become clear.

Fig. 8 a, from Reconditi et al. (2014), shows intensity traces
along the meridian from frogmuscle that is relaxed (top) or fully
active (bottom). Here the meridional peaks with contributions
from themyosin filaments (e.g., cross-bridges, backbone, C-protein,
titin) are labeled M1, M2, and so forth. These are mostly orders
of the myosin filament repeat of ∼430 Å in the relaxed pattern,
with the M3 peak at ∼143 Å, associated with the crown sepa-
ration along the myosin filaments (Fig. 8, b–d), being particu-
larly strong. The peak labeled M1 is mainly due to C-protein, on
a slightly longer axial repeat (∼434 Å), as is some of the M2
peak (see discussion below in this section). In addition to these
myosin-based periodicities, the peaks labeled T1 are from the
tropomyosin/troponin complex of axial repeat ∼385 Å. Higher
orders of this repeat are sometimes seen as well. All of these
meridional peaks are multiplets in the sense that they have
been sampled by their own interference functions (see below).

Comparing the patterns from relaxed and active muscle
(Fig. 8 a) shows significant differences. The M1 peak is weak in
the pattern from active muscle (top panel), perhaps suggesting
some disordering of the C-protein. In relaxed muscle, C-protein
is thought to be anchored to the myosin filament backbone by its
C-terminal domains (C7–C10), but to stretch across to bind to
actin through its N-terminal domains. Release of C-protein from
actin in active muscle could allow it to become disordered and
thus reduce the M1 peak (Squire et al., 2003).

Looking at theM3 andM6 peaks in Fig. 8 a, both have smaller
peak heights in the active pattern (lower panel), and both shift
toward the left (toward longer spacings). At the same time, the
M3, which started as a single peak with satellites, is a clear
doublet of nearly equal peaks in the active pattern. Some of these
axial shifts appear to be due to activation of the myosin filament
in some way, which shifts the crown repeat of ∼143 Å to a
spacing that is 1.0–1.5% longer (Haselgrove, 1975; Reconditi et al.,
2014). In addition, when force is generated, the actin andmyosin
filaments both stretch elastically by ∼0.2–0.3% at maximum
tetanic force (Huxley et al., 1994; Wakabayashi et al., 1994; see
Knupp and Squire, 2019; see also Ma et al., 2018 for recent ex-
periments showing that thick filament can extend up to 1.2%).
Not obvious is that the width across the meridian of the M3 goes
up as well, so the total intensity in the M3 peaks is actually
higher in patterns from active muscle than resting muscle (for
discussion, see Eakins et al., 2019). There is evidence in patterns
from activemuscle that theM3 has at least two components with

differentwidths across themeridian, a sharp peak (M3m)which is
similar in width to the restingM3 peak, and a broader peak (M3a),
probably due to actin-attached cross-bridges (Eakins et al., 2019).
TheM3a peak broadening is probably due to the actin filaments to
which the cross-bridges are attached being more laterally disor-
dered than the myosin filaments in active muscle.

Considering these various meridional contributions in more
detail, we use the C-protein array as an example of the effects of
interference. Fig. 8 f shows diagrammatically how a broad dif-
fraction peak at ∼434 Å is sampled by closely spaced fringes due
to interference between the diffraction patterns from the two
C-zones in one A-band (Fig. 8 e) separated by the interference
distance L. Fig. 8 f shows interference fringes at∼442 Å and∼417
Å, with the 442 Å peak being the stronger of the two. The rel-
ative strengths of the two peaks depend on the length of the
C-zone and the exact value of L. Some C-zones have seven
C-protein stripes, and others have more, up to nine, and the M1
patternwill vary accordingly (Sjöström and Squire, 1977; Bennett
et al., 1986). Fig. 8 a (top) has a relatively strong M1 peak with a
satellite on its left (longer spacing), probably due to a longer
C-protein array in frog muscle than in the human tibialis ante-
rior muscle reproduced in Fig. 8, e and f (Squire et al., 2003).

Considering the effects of C-protein on the meridian in more
detail, very careful analysis was performed by Squire et al.
(2003) on the effects of actin binding by C-protein. One of the
curious observations in the past was that, although C-protein
was known to be a myosin-binding protein, as we have seen,
the main meridional reflection known to come from C-protein
(Rome et al., 1973a; M1 in Fig. 8 a) always showed a slightly
longer spacing than the myosin filament axial spacing of close to
430 Å in relaxed muscle. Squire et al. (2003) showed that only if
C-protein was also binding to actin, and only if there was a
limited number of stripes of C-protein, as delimited by the
C-zone, would the meridional peak from C-protein be at a longer
spacing than the myosin repeat. They found that, as in Fig. 8 f,
the C-protein stripes in one half A-band would give a meridional
peak at∼434 Å only if the C-protein extended across to actin and
labeled actin in a specific way. There is now direct evidence for
actin labeling by C-protein (Luther et al., 2011). C-protein mol-
ecules binding to myosin with the myosin repeat of 430 Å would
extend across to actin and bind there with an ∼440 Å spacing to
give the observed 434 Å average spacing (440 Å is eight times
the 55 Å actin monomer repeat along the long period strands; see
Fig. 3 a). As discussed above, diffraction from the C-zones on
opposite sides of the same A-band would then interfere to give
sharp C-protein peaks. It is a quirk of the A-band structure that
if the C-zone had been much longer in the axial direction, then
the C-protein peak would have averaged out to 430 Å, not 434 Å.

Note, finally, that if the C-protein stripes of density have a
roughly Gaussian density profile in restingmuscle in projection onto
the fiber axis, then itmaywell be that C-protein contributes not only
to the M1 peak but also to M2 and possibly M3 as well (Fig. 9 a).

Test case 6: Modeling cross-bridge behavior in resting and
active muscle from the meridian
We have seen from Fig. 4 a and the earlier discussion of mod-
eling the myosin layer lines that the dominant heads out
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configuration in relaxed muscle can be modeled satisfactorily
(Hudson et al., 1997). In the future, this can be refined to include
the small heads in population, but the techniques to do this are
defined. This modeling depended on not only the relative con-
formations of the two heads of one myosin molecule but also the
differences between the three different crowns of heads within a
430 Å repeat. This difference is the well-known axial pertur-
bation in the vertebrate muscle myosin filament (Huxley and
Brown, 1967; Harford and Squire, 1986; Fig. 4).

Fig. 9, a–c, illustrates the sort of effects on the meridian that
the axial perturbation can have (Squire et al., 1982). The bottom
panels show a set of Gaussian density profiles on a 429 Å axial
repeat but with different intercrown axial separations a, b, and c.
Fig. 9 b has a = 153 Å, b = 113 Å, and c = 163 Å, whereas Fig. 9 c has
a = 163 Å, b = 128 Å, and c = 138 Å. This difference has a profound
effect on the meridian. Even though the cross-bridge shapes and
total density in the two cases are exactly the same, (b) has a
weaker M3 peak and gives M5 > M4, whereas (c) has a much
weaker M2, a stronger M3 and M5 < M4. If there was no per-
turbation, thenM2, M4, M5, and all further orders not multiples
of 3 would have zero intensity. This is an example of having the
same head conformation and head density but changing the
diffraction pattern radically by altering the axial distribution of
the heads.

Going on to diffraction patterns from activemuscle, what will
be the important factors there? First of all, some of the heads that
were originally organized on the myosin filament and that are
myosin centered (i.e., the heads in and heads out populations)
will move out and attach to actin, where they may be weak
binding heads, or prepowerstroke heads, or heads at the end of
their working stroke, and some in between. In addition, they
may be the second heads of heads attached to actin. There will be
heads on actin with different conformations and heads left on
myosin in conformations that may be different from the relaxed
heads in and heads out structures. Apart from this, we do not
know the axial pattern of labeling of heads on actin, and within
that pattern, we do not knowwhich myosin head structures will
be on which actin monomers.

As in Fig. 9, b and c, for relaxed muscle, the axial distribution
of heads on actin in active muscle will also have a profound
effect on the intensity of the M3 and other meridional peaks. In
addition, the elastic lengthening of the myosin and actin fila-
ments under tension will alter the interference functions, with
the myosin and actin lengths changing by differing amounts.
The take-home message here is that, like it or not, the muscle
meridian is extremely complicated, and unscrambling all the
different factors is no easy task.

Knupp et al. (2009) carefully analyzed the M3 interference
data of Dobbie et al. (1998), Bagni et al. (2001), Linari et al.
(2000, 2005), Irving et al. (2000), Piazzesi et al. (2002, 2007),
Lombardi et al. (2004), Reconditi et al. (2003, 2004, 2005),
Ferenczi et al. (2005), Brunello et al. (2006), Colombini et al.
(2007), and Huxley et al. (2006a, 2006b). These many authors
claimed that by analysis of the changing M3 and M6 intensities
and the change in the interference fine structure of these peaks,
they could monitor the behavior of the lever arms of the myosin
heads. Knupp et al. (2009) did not agree with this. The conclusion

of Knupp et al. (2009) was much as we have stated above; if the
number of observations is less than the number of parameters
needed to model the observations properly, then no reliable
model can be deduced; the problem is underdetermined. In
addition, if the resolution is too low and the number of peaks
being analyzed is small, then great care needs to be taken about
what is claimed. Using a variety of specific examples, Knupp
et al. (2009) showed that the same data as published by the
authors listed above could be modeled equally well in several
different ways, including models that did not involve any ro-
tation of the lever arms.

The reason that the observations are insufficient to define
lever arm movement is simple. First, the M3 reflection has a
spacing of ∼143–146 Å; it is providing very low-resolution in-
formation. Second, there is no information whatever about the
shape of the diffracting object in a single peak such as the M3,

Figure 9. Effects of axial perturbations on the meridional reflections.
(a–c) Lower plots: Possible densities along myosin filaments in vertebrate
striated muscles. (a) C-protein represented as Gaussian peaks every 434 Å (D,
protein density; I, x-ray intensity). (b and c) Two different sets of myosin
crown spacings a, b, and c, with systematic perturbations of the basic 143 Å
crown repeat. Upper plots: Calculated diffraction intensities along the me-
ridian for the different density profiles in the lower plots. Note that in a, there
is a main C1 peak at 434 Å, but there may be C-protein contributions (C2)
close to the M2 and beyond, depending on the C-protein density profile. Note
in b and c that the relative intensities of the M2–M6 peaks depend very much
on the particular axial perturbation that is involved. In both cases, the crown
density profiles and weights are exactly the same. All the observed differ-
ences in the diffracted intensities are due to the relative axial shifts of the
crowns. For discussion, see text. Reproduced from Squire et al. (1982).
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except to say that there is an indeterminate blob of mass at this
axial spacing. Third, if the M6 is included and there is general
agreement that only some of the M6 comes from the myosin
heads, the rest being from the backbone, there is slightly more
information about the shape of the diffracting object, but not
much. Knupp et al. (2009) showed that Gaussian density profiles
representing the motor domains of myosin heads on actin and
other Gaussian shapes representing heads ordered back on the
myosin filament backbone could explain all the M3 and M6
observations from the experimental papers listed above, without
any thought about what the lever arm might be doing. This was
confirmed directly by using all the M3 and M6 meridional in-
formation, including the intensities of the inner and outer in-
terference peaks, to generate electron density maps by Fourier
synthesis. These showed the relative movement of two roughly
Gaussian shapes spaced at 145 Å and moving relative to each
other as the actin filaments moved past the myosin filaments.
The crucial point here is that there is no other information in
these M3 and M6 peaks than is carried in the Fourier synthesis.
The take-home message is that the M3 and M6 peaks, including
the interference peaks, on their own carry much less informa-
tion than is necessary to monitor the behavior of the lever arms
or to define other details of the myosin heads.

This conclusion is reinforced by images such as those in
Fig. 8, b–d. Here, the electron density map of the human cardiac
muscle myosin filament obtained by AL-Khayat et al. (2013) is
shown at three different resolutions. Fig. 8 b shows the pub-
lished density map at the highest resolution that could be ach-
ieved. Courtesy of Dr. Edward Morris (Institute of Cancer
Research, London, UK), this same map is then shown in Fig. 8, c
and d, at gradually reducing resolution. Fig. 8 c is filtered to 72.5
Å resolution and Fig. 8 d to 145 Å resolution. These show the sort
of level of detail that one is dealing with in studying the M3 and
M6 reflections.

We show below that to explain the behavior of the M3 and
M6 meridional peaks in a sensible way, it is necessary to gen-
erate quite a sophisticated model at higher resolution, including
all the factors that have been discussed above, and to solve this
model, it is necessary to analyze very much more of the dif-
fraction pattern than just the M3, M6, and ML1 peaks. It is not
apparent to us that there is any way to use the M3 and M6 peaks
on their own as tools to monitor specific head configurations in
the cross-bridge cycle.

Discussion: Some suggested basic rules
In summary, the low-angle diffraction region of the fiber dif-
fraction patterns from different muscles provide a wealth of
important information about muscle structure and how muscle
works. However, interpretation and modeling of the observed
patterns needs to be performedwith great care, and claims about
the interpretation of the data should not go beyond what can
really be objectively justified.

We recognize two different ways of using x-ray diffraction
observations. One is to use x-ray diffraction as a tool to monitor
particular features of the muscle unit cell, and the other is to use
modeling to try to understand structural mechanisms in the
cross-bridge cycle.

X-ray diffraction as a tool
The x-ray diffraction technique is superb at determining
changing filament axial spacings or lattice spacings. It can also
provide a very good measure of the sarcomere length. Fig. 8 a
from Reconditi et al. (2014) has peaks very close to the center of
the pattern, fully to the left of these profiles, which come di-
rectly from the muscle sarcomeres behaving as diffraction gra-
tings. These peaks show directly what the sarcomere length is.
This is a wonderful technical advance on what could be done
before and really helps to definewhat is going on. The sarcomere
length signal comes from exactly the same part of the muscle
and the rest of the diffraction pattern. In addition, as we have
seen, the 10 and 11 equatorial peaks can be used to estimate the
number of actin-attached heads, with the reciprocal of the 10
intensity probably a better indicator than the 11/10 ratio of the
presence of force-producing heads. The 11 intensity seems to be a
good indicator of the initially attached (weak or prepowerstroke)
myosin head population.

Parts of the meridian can also be used as a tool. The spacings
of some of the higher-order meridional peaks, such as the M15
peak from myosin and the A13 from actin, because they are so
far out from the center of the diffraction pattern, can be mea-
sured very accurately (also note that the M6 spacing is not as
problematic to interpret as its intensity). Huxley et al. (1994) and
Wakabayashi et al. (1994) used these peaks and others to show
the elastic change of length of the myosin and actin filaments
due to tension generation in active muscle (see analysis in
Knupp and Squire [2019]; see also the papers by Ma et al. [2018]
and Kiss et al. [2018], expanding on the work by Huxley et al.
[1994] and Wakabayashi et al. [1994]). However, as we have
detailed above, the M3 and M6 peak intensities and even the
ML1 layer line cannot be used as a simple tool. Wherever pos-
sible, information from the whole diffraction pattern should be
analyzed.

Ways to model the cross-bridge cycle
If particular diffraction information cannot be used as a tool to
monitor specific structural changes, then modeling is needed.
Ideally, muscle diffractionists should have an idea in their minds
before designing and starting their experiments about what
outcome they wish to achieve. They will usually know the dif-
fraction properties of their muscle pretty well, so they can assess
how much of the diffraction pattern they will need to record to
provide enough observations that they can do the required re-
liable modeling using fewer adjustable model parameters than
observations.

Going on to how to model structural changes in a muscle, the
authors have shown that the equatorial pattern (Fig. 5 b) can be
modeled to show howmany main structural states there are and
what their changing populations are through a tetanic contrac-
tion (Fig. 6). In doing this, they have used more observations
than parameters.

But if we wish to define fully what the cross-bridges are
doing in active muscle in 3-D, we need to be rigorous and to use
as much of the whole diffraction pattern as possible. As a guide
to producing modeling results that can be justified, here are
some suggestions. (1) Record x-ray diffraction data from muscle
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with enough counts even for the weaker reflections to be reli-
able and including asmany reflections as are needed to achieve a
definedmodeling outcome. (2) Transform the diffraction pattern
into reciprocal space. (3) Carefully strip the background from the
peaks of interest. Good software packages for data stripping are
FiberFix (Rajkumar et al., 2007) or FIT2D (Hammersley, 2016).
(4) Apply the Lorentz correction to the observed intensities that
allows for the geometrical reduction of intensity in any fiber
diffraction pattern as the radius from the meridian increases
(Fraser and MacRae, 1973, p. 53). This is because, in a cylin-
drically averaged diffraction pattern, off-meridional peaks are
smeared out into circles centered on the fiber axis, and the
circumferences of the circles increase in proportion to the ra-
dius from the meridian (call it R). The larger R is, the more

spread out the intensity is along the circumference and the less
is recorded when it is sampled as in a diffraction pattern (by the
Ewald sphere; see Eakins et al., 2019). To get corrected relative
intensities, all that is required here is to multiply the observed
intensities by R to give intensities that can be compared with
those from a model computation. (5) Assess and justify how
many truly independent observations (O) are available. (6) When
doing modeling, count the number of carefully chosen adjustable
parameters (P) that are being used. (7) If P is more than O, then
the modeling cannot be performed unambiguously. The best
thing to do is to reduce the number of parameters to something
that can be justified and then not to make extravagant claims
about the simpler model. (8) Start from the simplest possible
model (with the fewest adjustable parameters) and test it

Table 1. M3, M6, and ML1 observations and parameters

Observations Parameters needed to model M3 and M6 fully

Relaxed muscle

M3 IM3i 1 Lattice of head array on myosin Known

IM3o 1 Configuration of heads on myosin assuming random occupancy (7–13a) × 2

dM3i ∼143.2 Å Known Weight of heads on myosin Known

dM3o Known Radial position of head origin 1

M6 IM6i 1 Weight of contribution from backbone 1

IM6o 1 Axial position of backbone contribution 1

dM6i ∼7.16 Å Known Axial size of backbone diffractor 1

dM6o Known Bare zone length 1

IML1 1 Ratio of heads in to heads out 1

Interference L Known Interference distance L Known

Total observations 5 Parameters 20–32

Active muscle Assume resting parameters if possible

Weight of heads Known

M3 IM3i 1 Shape of heads on myosin Assume as relaxed

IM3o 1 Population of heads on myosin 1

dM3i ∼145.7 Å Known Distribution of head array on actin 4b

dM3o Known Shape of heads on actin (7–13b) × 2

M6 IM6i 1 Relative axial position of head array on actin 1

IM6o 1 Weight of heads on actin 1

dM6i Known Axial position of contribution from backbone Assume as relaxed

dM6o Known Weight of contribution from backbone Assume as relaxed

IML1 1 Population of heads in each attached state 1

Interference L Distribution of head array on myosin Assume random

Total observations 10 Parameters 22–34

aNote that, to define head shape, one can assume a particular head structure that needs to be oriented in space with a tilt, a slew, and a rotation around its long
axis (three parameters), or one could define it as a lever arm on which there is a mobile head domain: three parameters for the lever arm and three more
parameters for the motor domain. In relaxed muscle, each of the two heads needs separate parameters, giving either 6 or 12 parameters, in addition to a
parameter defining the separation of the head origins. In active muscle, there will be at least two populations of actin attached heads, each requiring 3 or 6
parameters to define the head shape (6–12 in all).
bFinding head attachment sites on actin requires two search parameters for the head (axial and azimuthal ranges) and a target area size and offset on the actin
(two parameters). The axial distribution of labeled actin sites has a major effect on the values of M3 andM6; there are no heads on actin spaced 145.7 Å apart (I,
intensity; d, distance; “known”means that the parameter value has been obtained experimentally). The table assumes that parameters for resting muscle can
be determined first, and some of these can be used to help model active muscle.
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objectively against the observations by a goodness-of-fit fac-
tor (R-factor). If P is less than O so that good modeling can
proceed and it is desired to add an extra parameter, then in-
clusion of the extra parameter is only justified if the goodness-
of-fit factor (R-factor) is substantially lower than the R-factor
of the previous model without that parameter (see Hamilton,
1965). If the R-factor is not substantially different from before,
then inclusion of the extra parameter is not justified by
the data.

Finally, Table 1 lists the minimum number of parameters that
would be needed to start to define the configurations of the
motor domains and lever arms of myosin heads in resting and
contracting muscles in a sensible way in 3-D. The model allows
for two detached states and two actin-attached head states in
active muscle. A minimum of 20 parameters is needed to start
modeling data from relaxed muscle using fixed head shapes. To
model the lever arm configuration properly, the number of pa-
rameters goes up to ∼32 or more for relaxed muscle, depending
on the level of detail that is required. As discussed above, in
active muscle, the axial distribution of the attached heads on
actin is crucial in defining M3 and M6 intensities, as well as the
head shape and the population factors, and this really adds to the
number of parameters required to create a full model from
the whole 2-D low-angle diffraction pattern. The key thing to
remember is that there are no actin-attached heads in active
vertebrate muscle that are 145.7 Å apart axially, even though
they contribute to the observed M3 peaks at 145.7 Å. It is not
enough to try to model active muscle by putting attached heads
on a 145.7 Å axial repeat and modifying their shape to try to fit
the meridional and other parts of the pattern. This ignores the
many other important factors that are involved in defining the
M3 intensity.

If it is just the meridional intensities that are being used, then
the myosin head shapes could reduce to fixed axially projected
profiles of, for example, the Rayment et al. (1993) rigor and
Dominguez et al. (1998) prepowerstroke shapes, assuming a
particular configuration of the head on actin, rather than de-
fining the head shape fully in 3-D. This would reduce the
number of parameters needed to define each head shape from 6
per head to 0, assuming particular side-on profiles for the heads.
But there is still the problem of knowing which head shapes
occur on which specific actin-binding sites. So, even if some-
thing such as MusLabel (Squire and Knupp, 2004) defines likely
binding sites on actin, the head shapes occupying different sites
are uncertain. Vertebrate skeletal muscle has an approximate
repeat after ∼15 crowns; for active muscle, this is 15 × 145.7 Å =
5 × 437.1 Å = 2,185.5 Å. 145.7 Å is the M3 crown repeat in active
muscle; 437.1 Å is the myosin filament axial repeat (three
crowns) in active muscle. This long repeat is close to three times
the actin filament pitch of ∼715 Å (3 × 715 Å = 2,145 Å). In a unit
cell containing one myosin filament and one set of surrounding
actin filaments within a 2,185.5 Å axial repeat, there would be
15 × 6 myosin heads available to label actin, and it would be
necessary to know (1) how many of these heads label actin in
active muscle, (2) what is the axial distribution of the labeling
sites, (3) how many of the attached heads were like Rayment
et al. (1993) and howmanywere like Dominguez et al. (1998), (4)

which of these two structures occurred on which actin binding
sites, (5) what is the configuration of heads not on actin, and (6)
what is the contribution from the filament backbone. More
complicated models with more cross-bridge populations and
shapes will obviously increase the number of unknown pa-
rameters. In addition, if the experiments are to look at changes
as a function of sarcomere length (e.g., Reconditi et al., 2014) or
as a function of temperature (e.g., Caremani et al., 2019), then
many of these parameters will change with each sarcomere
length or each temperature, and, although there will be extra
data to model, the list of unknown parameters will increase
accordingly. Factors such as the increasing axial misalignment of
the myosin filaments as the sarcomere length increases will also
affect the M3 and other meridional intensities.

Table 1 also lists how many observations there are if the only
peaks being studied are those at M3, M6, and ML1, and only the
ML1 total intensity is involved. This comes to 10 if the patterns
from relaxed and active muscle are considered, well below the
number of parameters needed to do even a very simple analysis
in a reliable way. Very much more of the diffraction pattern is
needed to make sensible headway, especially if we want to find
out what the lever arms of the myosin heads are actually doing.

Conclusions
Time-resolved x-ray diffraction is an important and powerful
means of probing the physiology of different muscle states. It is
incumbent on those recording and analyzing the observations
that they give the reader a realistic assessment of how reliable
their conclusions are. Using diffraction observations as a tool is
relatively straightforward. But if it is necessary to carry out
modeling, then we need to show the number of parameters in
the model and the number of independent observations that are
being fitted. Without this, the modeling conclusions cannot be
taken as justified.
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