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ABsTRACT  Diffuse scattering analyses are emerging as a technique to extract additional dynamic information from x-ray diffraction
data. In fact, when examined carefully, most protein crystals show significant diffuse scattering in addition to the usual Bragg
diffraction. This diffuse scattering contains information about the disorder in the crystal that cannot be obtained from the Bragg
diffraction data. Diffraction from tropomyosin crystals shows characteristic diffuse scattering streaks that are directly related to
motion of the molecules. The structure of tropomyosin to 15 A resolution shows that the limited molecular contacts between
molecules allow large conformational fluctuations of up to 8 A amplitude. Models for the three-dimensional motion of tropomyosin
have been tested by comparing their predicted diffuse scattering patterns with the experimental data. From the parameters of the
successful simulations, we were able to determine the amplitudes, directions, and distances over which the atomic displacements

are correlated.

INTRODUCTION

Classical x-ray crystallographic techniques offer a wealth
of detailed spatial information about the static average
structures of proteins. Even in crystalline form, however,
proteins have a wide range of motions. These motions
have been observed by isotope-exchange experiments,
flash photolysis, nuclear magnetic resonance (NMR),
neutron scattering, and catalytic activity measurements
as well as x-ray diffraction. It is difficult, however, to
separate static from dynamic displacements using x-ray
diffraction, because the information about the displace-
ments in the x-ray data is averaged over time and over all
the unit cells in the crystal. Any kind of atomic or
molecular displacement within the crystal causes a
general decrease in the intensities of the Bragg diffrac-
tion spots, which can be analyzed using the Debye-
Waller B-factors to approximate simple isotropic or
anisotropic amplitudes of atomic displacements. In cases
where the B-factors are sensitive to temperature in a
reversible way, it can be inferred that the displacements
are, indeed, dynamic in nature (1, 2). The Bragg data
analysis of B-factors, however, does not provide any
information about the correlation of the motions within
the crystal.

With the decrease in intensity of the Bragg spots that
accompanies motions, there is a concomitant increase in
the intensity of the regions between Bragg spots. This
non-Bragg scattering is commonly referred to as diffuse
scattering, because it usually takes the form of diffuse
haloes around the Bragg spots or a very diffuse cloud
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spread over a large area of reciprocal space. These two
types of diffuse scattering have distinct causes; motions
correlated over distances that are short compared to the
unit cell dimensions give rise to the very diffuse cloud,
while motions correlated over distances of the order of
the unit cell or greater give rise to haloes around the
Bragg spots. Caspar (3) has recently recommended
using the term ‘“‘variational” scattering for the diffrac-
tion effects of short and long-range correlated motions,
since the long-range part is not particularly diffuse.

The effects of static lattice distortions and imperfec-
tions on the x-ray data must also be considered when
analyzing crystallographic data. Classical x-ray diffrac-
tion does not distinguish between molecules in motion
and those which are displaced from their ideal lattice
position due to static lattice effects. These lattice effects,
of course, have no biological significance in most cases,
and are therefore not as interesting as the dynamic
aspects of the displacements. Because the energy for
intramolecular motion is thermal energy, decreasing the
temperature should cause a decrease in the amplitudes
of motion of the atoms, while the effects of lattice
distortion remain unchanged. Thus, a study of the
temperature dependence of the calculated B-factors
provides an estimate of the amount of lattice distortion.
Phillips et al. (4) reported a pronounced increase in
resolution and intensity with decreasing temperature for
tropomyosin, implying that most of the disorder is
thermal in nature in these crystals. Frauenfelder et al.
(1) used Mossbauer data, which is insensitive to static
lattice disorder, coupled with x-ray data to estimate the
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lattice contribution to total disorder in myoglobin. At
room temperature, they estimated the static lattice
disorder to be less than 30% of the total disorder for
myoglobin. Petsko and Ringe (5) modified this number
in light of recent theories about the Mossbauer effect to
be less than 15% for most crystals that diffract to high
resolution.

The effects of motion within the crystal were originally
examined by Debye (6) and Einstein (7) who showed
that for simple lattices and independently moving atoms
the Bragg data was superimposed on a monotonically
increasing diffuse scattering function. With coupled
motions between atoms, each crystal reflection is super-
imposed on a broad diffuse scattering maximum, and the
width and height of these maxima increase with scatter-
ing angles. Because most crystals have a combination of
coupled and uncoupled motions, both the monotonic
and the Bragg-coupled features are seen in the diffuse
scattering. B-factors can be theoretically calculated from
the maximum frequency of elastic vibration of the crystal
(8) but a similar calculation of the diffuse scattering,
even for simple cubic crystals, requires a detailed knowl-
edge of all the frequencies of vibration. For most
molecular crystals, this calculation is immensely complex
and not feasible in practice. The qualitative picture of
the diffuse scattering, however, remains much the same
for all crystals. The diffuse scattering from crystals of
small molecules as well as macromolecules has both the
Bragg-related and very diffuse scattering features de-
scribed above.

Diffuse scattering has been observed in many dif-
ferent protein and nucleic acid crystals, (e.g. lysozyme
(9, 10), insulin (3), myoglobin and myohemerythrin (G. N.
Phillips, unpublished observations), 6-phosphoglu-
conate dehydrogenase (11), tRNA (12), DNA (13) and
tropomyosin (4)) but for the crystallographer who wants
to determine a high-resolution structure it is an undesir-
able effect, complicating calculation of the background
intensity. Only recently has some work focused on
obtaining useful information from the diffuse scattering
streaks and clouds. One can obtain information about
the direction and amplitude of the atomic displace-
ments, the distances over which they are coupled, and
lattice substitutions. Another reason to study diffuse
scattering is that the long-range correlated displace-
ments give rise to haloes around the Bragg spots: these
haloes blend with the main spot and affect its shape,
which may affect the accuracy of measurement of the
spot intensity. Hence, some understanding of the effects
of molecular disorder is important even for accurate
structure determination using classical x-ray crystallogra-
phy.

Phillips et al. (4) previously reported diffuse scattering
streaks of two types in the scattering from tropomyosin

crystals. They observed large diffuse clouds along the
main scattering directions, and smaller streaks associ-
ated with the Bragg spots perpendicular to the clouds.
These features were interpreted as being evidence of
considerable disorder in the crystal. Indeed, this crystal
is 95% solvent, and the molecules are long filaments
with little intermolecular contact. Hence, it is quite
reasonable that there should be large fluctuations of the
filament perpendicular to its axis, leading to diffuse
scattering patterns of both the short-range as well as the
long-range coupled types.

Further work on tropomyosin was carried out by
Boylan and Phillips (14). They recorded the diffuse
scattering for the 100 view of the crystal. They then
successfully simulated the diffuse scattering in projec-
tion by modeling the motions of this filamentous mole-
cule as being similar to a vibrating string. They obtained
values for the amplitudes of motion that were consistent
with those obtained from the B-factor analysis of tropo-
myosin,

Tropomyosin is especially suitable for analysis of
dynamics, as the crystals produce strong, distinctive
diffuse scattering patterns. The structure of tropomyosin
in the Bailey crystal form (15) showed that the two
polypeptide chains of the molecule are in exact register
with their side chains interlocking, and they wind along
the body diagonal of the unit cell in an elliptical path
(see Fig. 1c, inset). There is a nine-residue overlap at
the head-to-tail region, where molecules join in forming
filaments. Each molecule interacts with the others at two
regions and is relatively free from interaction between
those regions. The two regions between cross-over
points are usually referred to as the long arm (COOH-
terminal half of the molecule) and the short arm
(NH;-terminal half of the molecule). The head-to-tail
overlap region is in the middle of the short arm. In the
crystal, the filament makes half a turn along its length
while in the muscle it makes a full turn, but the
structures in crystal and muscle are otherwise quite
similar.

There is much evidence for filament motion in the
crystal. Previous studies have shown that some regions
of the molecule are fluctuating perpendicular to the axis
of the filament with large amplitudes of up to 8 A (14).
The regions of high interaction (cross-over points) have
very little flexibility, the short arm region moves with
smaller amplitudes than the long arm, and both regions
move anisotropically with respect to the filament axis.
Diffraction data at different temperatures (4) show that
the intensity scattered by the long arm region is highly
temperature-sensitive, with the Bragg intensities decreas-
ing markedly at higher temperatures. This is an indica-
tion that the disorder is dynamic rather than static in
nature. Hence there is considerable evidence to show
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FIGURE 1 Diffuse scattering photographs and simulations of the 100 view. (a) Experimental data. (b) Simulation by superlattice method (c)
Simulation by analytical method. (/nset) Corresponding projection of the molecular structure showing the arrangement of filaments.

FIGURE2 “Difference” maps created by pixel-to-pixel subtraction of the experimental from the simulated data. The positive points (simulation
greater than film intensity) are colored red-to-yellow, while negative points (film intensity greater than simulation) are colored blue-to-white. The
better simulations have blacker difference maps. These simulations were performed using the superlattice method, and only the short-range
correlated motions, giving rise to the large diffuse clouds, were simulated. Root mean square amplitudes of motion for the simulations were as
follows: (@) Long arm 9.6 A, short arm 9.6 A. (b) Long arm 9.6 A, short arm 4.4 A. (¢) Long arm 4.4 A, short arm 4.4 A. (d) Long arm 6.5 A, short
arm6.5 A, (e) Long arm 6.5 A, shortarm 4.4 A. (f) Long arm 6.5 A, short arm 2.4 A. The best simulation was determined to be (e).
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that the fluctuations are quite significant at physiological
temperatures.

In this study, the diffuse scattering from the Bailey
crystals was recorded on film and digitized. It was then
simulated according to two different approaches; the
methods of Phillips et al. (14) extended to a full
three-dimensional simulation, as well as the more theo-
retical approach of Caspar and co-workers (3, 10, 16),
also in three dimensions. Although the experimental
data does not include a full three-dimensional diffuse
scattering data set, a number of sections of the simulated
data were compared to the available experimental data.

METHODS

Tropomyosin was prepared as described by White (17) and crystallized
in capillaries in the Bailey crystal form (18) as described by Phillips
(19). The experimental data were collected on a rotating anode
generator with a double-mirror focusing system. A helium tunnel was
used between the crystal and film to minimize air scatter. The data
were collected at about 4°C by using a jet of cold air to cool the crystal.
The data consisted of still photographs which were exposed for 24-72
h, representing the seven major zones (100, 010, 001, 111, 110, 101,
011). The data corresponding to the other zones is more difficult to
collect and interpret, as the tropomyosin filaments only diffract
strongly in a few directions. The film data were digitized on an
Optronics P1000 scanner at a resolution of 100 wm. At this resolution,
the pixel-to-pixel separation represented 1/4,800 A-! of reciprocal
space. .

The diffraction pattern from a crystal is proportional to the square
of the Fourier transform of the unit cell structure, averaged over all the
unit cells irradiated by the x-ray beam, and over the time frame of the
photograph. This averaging is reproduced in the simulations by
Fourier transforming a large array containing a number of unit cells. A
unit cell is represented by an array containing the electron density in
the unit cell, sampled at regular intervals. “Motion” in the unit cell is
included by modifying the electron density array to represent the
molecules in the cell displaced from their average positions, frozen at
some instant in time. A superlattice of such arrays, containing a
distribution of molecules in various frozen states of motion, represents
the crystal. The distribution of states can be adjusted so that the root
mean square displacement of the atoms is some appropriate value.
Displacements correlated over more than one unit cell were repre-
sented by frozen “waves” of displacements running through the crystal
along the filament directions. The justification for using waves of
displacements stems from analyses of small molecule crystals, where
the existence of phonons have been conclusively demonstrated.

In the simulations performed here, the unit cell was represented by
a 16 x 32 x 32 array, and the final superlattice was 256 x 512 x 512.
The array sizes were chosen so that there was sufficient sampling
between Bragg spots in the computed diffraction pattern, and the data
extended out to 15 A resolution. The superlattice array was Fourier-
transformed, and appropriate sections of it were extracted to match
the experimental data views, as described below.

The second set of simulations were performed using a different
approach. The Patterson function, or autocorrelation function of the
atomic position vectors, is well resolved in an ideal crystal, but
becomes less well defined away from the origin in a disordered crystal.
The loss of sharpness in the function is related to the amplitude and
correlations of the disorder. In the simulations performed here, the
Patterson function for an ideal crystal is multiplied by a truncation

function to simulate the disorder caused by the filament motions,
similar to the technique used by Caspar et al. (3) to simulate the diffuse
scattering from insulin. The diffuse intensities for the disordered
crystal are calculated using the expression:

Ip = (1 — e~ By FT[PT (7)), )

where Py is the Patterson function for the ideal crystal and I'(r) is the
truncation function. The form of the truncation function provides
some information about the nature of the correlations, and in
agreement with Caspar et al., we found that a Gaussian truncation of
the form I'(r) = e~*/v gave the best fit to the observed diffuse
scattering. Thus, the probability of the motion of two atoms being
correlated is related by an inverse exponent to the distance between
them.

The motion in tropomyosin crystals is strongly anisotropic and
inhomogenous. The filament axes of the symmetry-related molecules
in the unit cell run in different directions, and its motion is related to
this direction, so that no simple function can be used to describe all the
motions in the unit cell. An earlier set of simulations made the
assumption that the diffraction from a single molecule appeared
primarily in two octants of reciprocal space, and this assumption was
used to separate the diffraction from the different molecules. Thus we
were able to treat the motions of each molecule separately. The
simulated data was qualitatively similar to the experimental data, but
the assumption used is not strictly valid, as the diffraction from each
molecule appears to some degree in all the octants of reciprocal space.

In the simulations presented here, the Patterson function for a
single molecule in the unit cell was truncated according to a model for
the motion of that molecule. It was then Fourier-transformed to obtain
the diffraction intensities, and symmetry-averaged over all the octants
to produce the contributions of the other three symmetry-related
molecules. This approach has the advantage that one is dealing with
the motions of a single molecule and it is intuitively easier to design
and interpret the appropriate truncation function. However, there are
expected differences between the observed and simulated diffraction
patterns that are due to the lack of interference effects between the
molecules.

The final truncation function, applied to the ideal Patterson
function of a single molecule, consists of two terms, one dealing with
the short-range and one with the long-range correlated motions. For
the short-range correlated motions, the Patterson was truncated by an

expression of the form T = ¢ ~V@/¥)’ + (/¥ where d is the distance
along the filament and f is the distance perpendicular to the filament
direction. vy and vy are the Gaussian truncation parameters for the
short-range correlated motions along and perpendicular to the fila-
ment direction respectively. If y¢ and 45 are set equal, the expression
represents a spherical truncation, or isotropic, homogenous disorder.
For the long-range correlated motions that give rise to the Bragg-
coupled diffuse scattering, the situation is more complex. A variety of
different truncation directions and parameters were tested, correspond-
ing to different models for the long-range correlated motions. The
most successful simulations were those in which the correlations were
along the axes of the cross-connecting filaments in the lattice. There
are four molecules in the asymmetric unit, and therefore three
molecular axes in addition to the molecule that is undergoing the
displacements. Thus, this part of the truncation function consists of
three terms, each truncating the Patterson function by an expression of
the same form as the short-range correlations, but with directions
along different lattice connections. In this case, however, d is the
distance along the axis of the cross-connecting filament, and f the
distance perpendicular to this axis. Thus the motion of any atom in a
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filament is correlated to the motions of other atoms that lie along the
directions of the three cross-connecting filaments.

The final form of the truncation function is a combination of the two
terms, so that

[r)=pxTi+(1-p)xT,

where p is the proportion of short-range correlated motion, and
(1 — p), correspondingly, the proportion of long-range correlated
motion. p is a variable which is also refined during the simulations, and
the two I' terms represent the short and long range correlations
respectively. The raw output from both the superlattice and the
analytical simulations consists of a 256 x 512 x 512 array which
contains a part of reciprocal space sampled at intervals of 1/1,920 A -1
intervals in the a* direction, 1/3,840 A-!in the b* direction, and
1/4,768 A ~1in the ¢ * direction. Sections of this array corresponding to
the experimental data were obtained by reverse-ray-tracing from the
simulated film to find the reciprocal lattice coordinates that were
intersected by Ewald’s sphere for the chosen crystal orientation. These
coordinates do not usually lie at the reciprocal lattice sample points,
and so the diffraction intensity was found by interpolating between the
64 nearest sampled positions, using a Gaussian interpolation routine.

The initial comparisons of the experimental and calculated data
were purely qualitative, and there was some difficulty in finding an
appropriate quantitative comparison technique. An ‘R-factor’ which
compared the two data sets in a pixel-to-pixel fashion was found to be
too sensitive to artifacts in the experimental data, as was a correlation
coefficient. The best method we found for the comparison was to block
out the Bragg regions of each pair of data pictures and subtract the
remaining simulation data from the experimental data (see Fig. 2).
This ‘difference’ map was found to provide an easily interpretable
indication of the differences between the two sets of data, and it was
possible to estimate the simulation parameters that gave the best fit,
although it is not a truly quantitative measure. The parameters for the
analytical simulations were also derived by a visual matching of the
observed and calculated patterns.

RESULTS AND DISCUSSION

An intuitive understanding of the three-dimensional
diffuse scattering patterns can be obtained by examining
the data and the filament directions in each of the views
corresponding to the experimentally measured ones (see
Figs. 1, 3-8). These structural projections are obtained
by projecting the known three-dimensional structure
into a plane perpendicular to the x-ray beam direction in
the corresponding experimental data photograph. Thus,
the 100 data photograph corresponds to a projection of
the structure in the b* ¢ * plane, or perpendicular to the
a axis. The insets in Figs. 1 ¢, 3 ¢-8 ¢ show the appropri-
ate crystal structure projections corresponding to the
data photographs in Figs. 1 a, 3a-8 a.

It is clear that the diffuse patterns in the different
views are quite distinct from one another. However,
there are some basic features in common to all the views.
All the data photographs, to a greater or lesser extent,
show two discrete kinds of diffuse scattering; the large
clouds spread all over reciprocal space, and the smaller
streaks associated with the Bragg spots. The size of
diffuse scattering haloes is inversely related to the

distance over which the disorder is coupled in the
crystal; for example, disorder that was coupled over
three unit cells would produce small haloes around the
Bragg spots; the size of the halo being the inverse of
three unit cell lengths. Disorder coupled over a fraction
of the unit cell would produce large haloes around the
Bragg spots which would overlap with the haloes from
nearby spots, thus producing the clouds of diffuse
scattering that are not associated with Bragg spots. The
two kinds of diffuse scattering present in tropomyosin
then indicate that there are two discrete ranges of
correlation distances. The Bragg-coupled streaks are
about the size of the Bragg spot separation, so that one
range of correlation distances is of the order of the unit
cell dimensions or greater. The other range is consider-
ably less than the unit cell dimension, and produces the
larger diffuse clouds.

A closer examination of the data photographs can
provide still more information about the motion in the
crystal. The diffuse scattering is closely related to the
molecular transform, and so both the Bragg and diffuse
scattering associated with a particular part of the unit
cell will appear in the same region of reciprocal space. In
the 100 view, therefore, the symmetry in the four
quadrants of the data picture correspond to the symme-
try of the molecules in the structure. One pair of
molecules runs along each diagonal of the rectangular
plane, and produces the diffuse scattering along one
diagonal of the data photograph. The long and short
arms of each molecule run in slightly different direc-
tions, and produce the two slightly divergent clouds seen
in each quadrant. The fact that the diffuse scattering is
symmetrical means, not surprisingly, that the symmetry
of the displacements is the same as the symmetry of the
molecular packing.

Further information can be deduced from examining
the Bragg-coupled streaks in this photograph. These
streaks, as mentioned before, are due to long-range
correlated motions of the molecules. Isotropic motions
would produce isotropic haloes about the Bragg spots,
which is clearly not the case (see Fig. 1 4). The marked
asymmetry of the streaks implies a corresponding anisot-
ropy of the motions. Motions that are propagated in a
crystal produce diffuse scattering that is elongated in the
direction of propagation of the motion, whether it is
propagated as a longitudinal or transverse wave. The
streaks are thus consistent with either a longitudinal or
transverse wave running along the filament directions.
The force required to bend a long helical molecule such
as tropomyosin is clearly less than that required to
stretch or compress it (20) so that longitudinal waves are
less easily propagated than transverse waves running
along the filament. Theoretical studies of wave propaga-
tion in crystals of organic acids (21), which have chain
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FIGURES 3,4,and 5 Diffraction corresponding to 010, 001, and 111 views respectively. 3 a, 4 a, 5 a: experimental data. 3 b, 4 b, 5 b: simulations using
superlattice technique. 3 ¢, 4 ¢, 5 ¢: simulations using analytical technique. (Insets) Corresponding projections of the molecular structure.

structures, have also shown that longitudinal waves
running along the chains are virtually impossible. Trans-
verse waves would give rise to discs of diffuse scattering
around the direction of diffraction of the filaments. At
present, our experimental data are too incomplete to
allow us to observe these discs, but the sections that we
have collected are consistent with their presence. It may

be deduced, then, that the observed diffuse scattering
streaks are consistent with transverse waves of displace-
ments running along the filament directions. A similar
intuitive explanation can be made for the shapes of the
diffuse scattering in each of the other views.

This qualitative approach to the analysis of the diffuse
scattering can provide important clues as to which parts
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FIGURES 6,7,and 8 Diffraction corresponding to 110, 101, and 011 views respectively. 6 a, 7 a, 8 a: experimental data. 6 b, 7 b, 8 b: simulations using
superlattice technique. 6 ¢, 7 ¢, 8 c: simulations using analytical technique. ({nsets) Corresponding projections of the molecular structure.

of the unit cell are moving, and in which direction. This
type of analysis would be less easily interpretable for a
globular protein than for tropomyosin, where the diffrac-
tion from different molecules and different parts of the
molecule is conveniently separated in reciprocal space.
The shape of the diffuse scattering gives an indication of
the anisotropy of the motions.

Comparison of the techniques

The superlattice approach was very successful in simulat-
ing the short-range correlated motions, but was not able
to simulate the long-range correlated motions very well.
Conversely, the analytical method was able to provide a
good match for the Bragg-coupled diffuse streaks, but
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not as good a match for the more cloudy diffuse
scattering. The explanation for this lies in the different
models of the dynamic structure of tropomyosin that
were used in the two techniques, and the strengths and
limitations of each technique.

In the superlattice method, the molecular model was
that of a vibrating string, fixed at the node points where
the molecule comes close to the other molecules. The
motion was thus, entirely in the long and short arm, and
the node regions stayed stationary. This is a reasonable
approximation for motions correlated over short dis-
tances, where the more constrained node regions can be
imagined to act as damping regions for propagation of
the motions. In the center of the long arm, the molecule
is about 150 A away from any other molecule, whereas in
the node regions, the molecule are separated by about
the thickness of the filament, i.e., 20 A. Clearly, the
motions will have greater amplitude in the arm regions
than in the node regions, and the B-factors calculated
from the Bragg data bear this out. Hence the assumption
of fixed nodes is reasonable for the short-range corre-
lated motions.

The long-range correlated motions are correlated
over distances of a few hundred A, as evidenced by the
size of the Bragg-coupled streaks and the simulation
parameters. These motions must necessarily include
some correlations through the node regions as well,
since there are two node regions along every molecular
length. Hence, a model which assumes immovable nodes
is less reasonable for long-range correlated motions.
Also, the procedure for modeling long-range correlated
motions by this method limits the correlation distance to
an integral number of unit cell lengths. In view of these
problems, it is not surprising that the superlattice
technique failed to provide a good match for the
Bragg-coupled streaks in the diffuse data.

The model for the analytical method assumes homoge-
neity of the motions along the molecule. That is, all parts
of the molecule have the same amplitude of motion
perpendicular to the molecular axis, and the correla-
tions are uniform throughout the molecular length, so
that any part of the molecule is correlated to all the
other parts up to the correlation distance. The node
regions also encompass and take part in the motion. This
is a more reasonable model for the long-range corre-
lated motions, and explains the good match of the
Bragg-coupled streaks in the simulations and experimen-
tal data. In addition, this method is particularly suitable
for fine-tuning the correlation distances and modeling
correlations in any direction.

The B-factor data shows that at least some part of the
motion must have smaller amplitude at the node regions
than in the arm regions. On the basis of the simulations

of Bragg-coupled streaks, we can assume that to a first
approximation the long-range correlated motions have
uniform amplitude along the molecular length, and so
the short-range correlated motions must have consider-
ably smaller amplitudes at the node regions. However,
the analytical method is at present not able to include
inhomogeneity in the model for molecular motions, and
so the simulations of short-range correlated motions
assumed uniform amplitudes of motion along the mole-
cule. The approximate position and shape of the diffuse
cloud was correct, but the details of the diffuse intensity
were not well matched, and this can be explained by the
shortcomings of the model used.

How can we improve the model for the simulations?
The superlattice simulations are based upon a library of
molecules which have displaced paths according to the
vibrating string model. More sophisticated models might
include smaller displacement amplitudes at the nodes,
so that the motions were effectively damped at these
regions. Molecular dynamics packages could be used to
generate physically reasonable displaced molecular paths,
which are not subject to constraints as severe as the
present models.

The B-factors calculated for tropomyosin indicated
that there is significant anisotropy in the plane perpen-
dicular to the molecular axis, i.e., that the molecular
motion in this plane was not uniform in all directions.
The superlattice simulations were not able to distinguish
this anisotropy, but it is undoubtedly represented in
some form in the diffuse scattering. More sophisticated
comparison techniques may allow us to make deductions
about the anisotropy as well.

The analytical procedure is easily modified to include
anisotropy. The models used here assumed isotropic
motion in the plane perpendicular to the molecular axis,
but modifying this is fairly trivial, and may provide useful
information in the future. The more serious problem
with the analytical method is the homogeneity implicit in
the models. The simulations of tropomyosin tackled the
problem of the intermolecular inhomogeneity by work-
ing with the Patterson function from a single molecule.
This effectively reduced the problem to the dynamics of
a single molecule, the dynamics of the other molecules
being deduced by symmetry. However, the question of
intramolecular inhomogeneity has not been solved. One
might be tempted to divide the problem further, in
analogy with the intermolecular case, and assume that
the diffraction from the node regions was independent
of that from the two arm regions. However, the construc-
tive and destructive interference from all these regions
contributes to the diffraction pattern, and so the calcu-
lated Bragg as well as diffuse scattering would be
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TABLE 1 Correlation distances (CDs) determined from the
simulations

Long-range
Short-range correlated
correlated
| cross- 1 cross-
| filament L1 filament connecting  connecting

Technique axis axis filament axes filament axes
Superlattice 63 A 25A
Analytical 65 A 35A 125 A 450 A

The superlattice simulations were not successful in simulating the
Bragg-coupled streaks; thus, no values are reported for the long-range
correlation distances. The CDs reported in the table for the analytical
simulations are directly from the simulation parameters. The CDs
reported for the superlattice simulations are estimates, because this
technique does not directly provide these parameters. For the superlat-
tice simulations, therefore, CD§ is estimated as the thickness of the
filament. CD) is an average of the correlation distances over the
molecular length.

incorrect. Hence, a more sophisticated approach must
be devised to take care of this problem.

In summary, neither technique is suitable for simulat-
ing the entire diffuse scattering data at present, but each
explains a key element of the diffuse scattering. In fact,
our combination of superlattice and analytical tech-
niques provided the parameters describing the propor-
tions of long and short-range correlated motions, the
correlation distances, and the amplitudes of motion.

The long and short-range motions are in the propor-
tions 0.05:0.95. This estimate agrees with that obtained
from similar diffuse scattering studies on insulin and
lysozyme (3, 16), as well as the Mdssbauer studies on
myoglobin (22). Thus, in proteins studied so far, most of
the displacement of a given atom is due to the short-
range correlated motions.

Correlation distances

Correlation distances are most easily obtained from the
analytical method, which permits fine-tuning of the
parameters more easily than the superlattice method.
The correlation distances for the superlattice method
were included into the basic model used, and modifying
them was a non-trivial procedure. The ‘best-fit’ correla-
tion distances obtained are listed in Table 1.

The symbol CD is used to represent the correlation
distance in the discussion that follows. The superscripts
CD! and CD!* refer to the CD parallel or perpendicular
to the molecular axes, while the subscripts CDg and CD,_
refer to the short and long-range correlation distances.
For the long-range correlated motions, the additional
superscript CD* is used as a reminder that these

motions are correlated mostly along the direction of the
cross-connecting filaments in the lattice.

The parameters obtained for the short-range corre-
lated motions from the two techniques are quite compa-
rable (see Table 1). The correlation distance along the
molecular axis (65 /°\) is less than the length of the
short-arm region but one must remember that this is an
average over the whole length of the molecule, and that
the node regions could have significantly smaller ampli-
tudes. The value of CD}, from the two techniques is thus
consistent with the hypothesis that the long arm and
short arm motions are correlated within each region, but
are independent of each other, and that the node
regions are relatively unaffected by the short-range
correlated motions. This is in agreement with earlier
simulations of the tropomyosin diffuse scattering by
Boylan and Phillips (14).

The correlation distances perpendicular to the molec-
ular axis are harder to interpret. CD from the analytical
technique is ~10 A larger than the thickness of the
molecule. It is tempting to hypothesize that this figure
represents the molecular thickness plus a 5 A thick
‘shell’ of water, which is being dragged along with the
molecule as it moves. Alternatively, this could be some
unidentified artifact of the simulation technique.

The parameters for the long-range correlated motions
were obtained only from the analytical simulations. The
main correlation direction was along the axes of each of
the three cross-connecting molecules, and the correla-
tion distance was about 450 A, slightly more than a
molecular length. Thus we can visualize transverse
waves of displacements running along the filaments, the
displacements of these filaments being correlated along
the directions in which the cross-connecting molecules
run. The node regions, where the cross-connecting
molecules come close to one another, must obviously be
instrumental in transferring the displacement effects
from one molecule to another.

Amplitudes

The average amplitudes of the molecular displacements
are easily obtained from the superlattice simulations,
where the superlattice consists of a distribution of
molecules with displaced paths. The best simulations
were determined on the basis of the difference maps,
and the amplitudes obtained are listed in Table 2.

The amplitudes of the motions are incorporated into
the analytical method in the term (1 — e ~Bsin0/\%) (see
Eq. 1), where the B-factor is proportional to the square
of the average displacement. In theory, one could refine
the B-factor value from the diffuse scattering data just as
the correlation distances were refined, and thus calcu-
late the amplitudes of motion. In practice, however, it is
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TABLE 2 Average amplitudes of motion calculated from Bragg
data and two kinds of simulations

Superlattice
simulations

Analytical
simulations

Bragg data short-range long-range short-range
(B-factors) correlated correlated correlated

Average 54A 31A 1.2A 52A
Long arm average 58A 35A
Short arm average 4.9 A 25A
Long arm peak 70A 6.5A
Short arm peak 6.2 A 44A

Blank spaces in the table indicate that the appropriate values could not
be calculated from the analytical simulations.

not easy to distinguish the change in the calculated
diffraction patterns as B is changed. The B value used in
the simulations was 2,000 AZ, which is consistent with
the average B calculated from the Bragg diffraction data,
but this study cannot be considered as a totally indepen-
dent determination of B.

Although the analytical method does not provide any
amplitude information per se, it can be deduced using
some assumptions. One assumption is that all the
displacements are due to the short and long-range
correlated motions, and hence that the B-factor data
represent the sum of the average amplitudes of motion
of these motions. To a first approximation, we get

L _t_ Tt 2
B = 8u%? = 8w¥(x] + x}), 3)

where I represents the diffuse intensity due to the
long-range correlated motions, B is the B-factor for
these motions, and x is the displacement due to these
motions. Ip,, Bs and xs are the corresponding terms for
the short-range correlated motions.

Using the above relations, we can estimate the ampli-
tudes of motion for the short and long range correlated
motions. The results of the simulations indicated that
the relative proportions of the motions was 0.95::0.05,
i.e. that 95% of the diffuse intensity was associated with
short-range correlated motions. Also, the average of the
B-factors, B, calculated from Bragg diffraction data (23)
is 2,278, corresponding to an average movement, x, of 5.4
A. Hence Bg is 2,164 A? and B, is 114 A2 The average
amplitudes of motion are thusx, = 1.2 A and xs = 5.2A.

The information about average atomic displacements
is condensed into Table 2. The table shows that the
results from the superlattice simulations are consistently
about 2 A less than those from the Bragg data. One
might assume that this is because only part of the total

motion (the short-range correlated part) is simulated by
this technique. However, the analytical simulations in-
form us that only 5% of the total motion is associated
with long-range correlations, and so this cannot explain
the discrepancy. It must be remembered that the ‘best’
parameters for the superlattice simulations were deter-
mined on the basis of the ‘difference maps’, and are
accurate only to ~ 1 A. Another source of this difference
could be the inaccuracy of the Bragg B-factors at less
than atomic resolution.

The need for more sophisticated comparison tech-
niques is evident. Ideally, both Bragg and diffuse data,
on the same absolute scale, would be included in the
comparisons. If the simulated Bragg data were scaled to
the experimental data, the corresponding diffuse intensi-
ties could be compared, providing a more precise deter-
mination of the best simulation parameters. However,
the Bragg data is necessarily overexposed in order to
record the diffuse data on film, and so with film
recording it is practically impossible to obtain accurate
diffuse as well as Bragg data. Some hope is offered by
imaging plate technology, which appears to have the
dynamic range required to record both Bragg and diffuse
data on the same frame and also have no background fog
as is seen on film. In fact, imaging plates have been used
to record diffuse data from yeast initiator tRNA crystals
(12) and in the future it may be possible to obtain higher
quality tropomyosin data using imaging plates.

What do the parameters from these analyses mean?
In the case of the short range correlations, they report
the size of the part of the protein that is moving as a
more-or-less rigid body. The correlation distance can be
used to discriminate between independent motions of
atoms (no correlation), liquidlike motions (correlations
of the order of a few A), or the movement of entire
domains (intermediate correlation lengths). These are
often biologically important distinctions, and can be
determined by diffuse scattering analyses. The longer
range correlations are lattice-dependent phenomena,
and are less interesting to the biologist. However, they
are important to the crystallographer, who is trying to
obtain the best quantitative interpretation of the x-ray
diffraction data.

In summary, the tropomyosin molecules are consider-
ably more mobile than most globular protein molecules,
which usually have amplitudes of the order of 1 A or less.
The motions of tropomyosin are marked by a high
degree of both anisotropy and inhomogeneity, but all the
molecules are apparently identical in their amplitudes
and modes of motion. Each filament has two types of
motion. One has large amplitudes and is composed of
transverse motions of the long and short arms. The
motions of each of the arms is independent of the other.
The node regions have very little motion and can be
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thought of as points where the filament string is pinned
down. In view of the large (=5-7 A) amplitudes of the
arm motions and the relatively small distance between
molecules in the node regions (=20-25 A), it seems
unlikely that the molecules in the node regions were
involved in these large scale motions. The fluctuations
may be anisotropic in the plane perpendicular to the
filament axis, but this could not be determined from the
diffuse scattering analysis. The second type of motion
has much smaller amplitudes, and the motions are
correlated over a little more than a molecular length.
These small fluctuations propagate through the nodes as
well as the arm regions, and the correlations extend in
the directions of the cross-connecting molecules in the
lattice.

This diffuse scattering analysis has provided a quanti-
tative understanding of the correlated molecular mo-
tions within the tropomyosin crystal, and has allowed us
to make some statements about the intrinsic flexibility of
the tropomyosin molecule. Furthermore, the methods of
analysis of diffuse scattering described here may be
useful for characterizing the dynamics of other proteins
in crystals.
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