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19.3. Small-angle X-ray scattering
BY H. TSURUTA

AND

19.3.1. Introduction
Mechanistic biology is frequently confronted with an experimental
paradox. High-resolution structures are required to develop a
chemical description of macromolecular interactions, but the
processes themselves are dynamic and not amenable to highresolution methods. Chemists and molecular biologists have been
successful in generating homogeneous components and entire
complex systems that are amenable to crystallization and highresolution analysis. If the dynamics of the systems are small, as in
the case of some enzymes and electron-transfer reactions, timeresolved studies can be performed in the context of the crystal
lattice using Laue diffraction (Moffat, 1997; Genick et al., 1997;
Srajer et al., 1996). If the dynamic features of the biological
reactions are large, the motility must be studied in solution. During
the last decade, small-angle X-ray scattering (SAXS) has emerged
as an important method for studying large-scale dynamic processes,
ranging from protein folding to virus particle polymorphism. The
renaissance of this method has resulted from a variety of advances
in molecular biology and X-ray instrumentation, and these have
dramatically increased the information content of the derived
results. Modern synchrotron X-ray sources and advanced detector
systems have lead to higher-resolution data in both the spatial and
time domains. Computational analyses of the data have improved
dramatically, resulting, in some favourable cases, in de novo threedimensional density functions from SAXS data that are comparable
to a 20 Å-resolution electron-microscopy reconstruction. Modelbased approaches to interpreting SAXS data have expanded their
usefulness to the validation of mechanistic hypotheses involving
movement or association of components independently determined
at high resolution. Finally, SAXS studies have beneﬁted from the
same molecular-biology advances that provide large quantities of
homogeneous material for crystallographic and NMR studies. The
purpose of this chapter is to address practical aspects of SAXS as
they relate to and complement macromolecular crystallography.
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temperature factors are high enough, these atoms will contribute
nothing to the high-resolution data. In contrast, these atoms will
contribute strongly to the low-resolution data. If the low-resolution
terms are included in the Fourier series, the atom positions will not
appear as individual atoms; instead, an envelope of density
describing the statistically distributed positions of these atoms
will be visible, and this can aid signiﬁcantly in the modelling of the
loop.
A second example is the nucleic acid within a spherical virus.
The nucleotides generally do not display the symmetry of the
icosahedral capsid, although in some cases segments of RNA or
DNA clearly interact with the protein and are therefore visible at
high resolution. The RNA density is not usually visible if only
higher-resolution data are used, and the virus particle appears
empty. The reason for this is that the RNA is best described as a
uniform sphere within the particle, and the Fourier transform of
such a sphere falls off rapidly if the sphere is relatively large. A
typical RNA virus will have an internal RNA core of about 100 Å in
radius. The scattering contribution of this region is virtually zero
beyond 20 Å resolution. If the low-resolution data are measured
accurately, the region occupied by RNA and its general level of
interaction with the coat protein can be clearly seen (Fig. 19.3.2.1).
The relation between single-crystal and solution X-ray scattering
is clearly illustrated in Fig. 19.3.2.2, where the scattering of a single
crystal and the solution scattering of a 320 Å-diameter RNA virus
are compared. The ﬁgure shows the scattering expected for a
uniform sphere 160 Å in radius, the observed solution X-ray
scattering from this virus and the single-crystal diffraction from

19.3.2. Small-angle single-crystal X-ray diffraction
studies
We begin by brieﬂy describing an obvious connection between
small-angle solution X-ray scattering and single-crystal X-ray
scattering, i.e. small-angle single-crystal diffraction (Tsuruta et
al., 1998; Miller et al., 1999). The majority of macromolecular
single-crystal studies ignore data at resolutions lower than 20 Å.
Measuring these data accurately is generally difﬁcult when
collecting high-resolution data, because they are orders of
magnitude stronger in intensity and frequently saturate the detector
pixels or are intentionally blocked from reaching the detector by a
large beam stop. It is technically challenging to record lowresolution data accurately, because they fall very close to the
primary beam, where a variety of parasitic scattering effects occur.
These data, however, contain information about the structure that
may not be determined
from only the high-resolution data. Low
resolution (1---15 A) data are sensitive to structures that are
organized over large distances and that contribute primarily to the
low-frequency terms in a Fourier series. In contrast, portions of the
structure that contribute to high-frequency terms must be in
precisely the same position in all the unit cells within the crystal.
Two examples illustrate the importance of low-resolution terms.
Assume that an exposed loop on the surface of a protein is highly
mobile. The scattering-factor curves for atoms in this loop will be
highly attenuated by the large Debye–Waller factor. If the

Fig. 19.3.2.1. A cross section of the electron-density map of sFHV at 14 Å
resolution. The density shown in red corresponds to the protein capsid,
while density in green corresponds to the bulk RNA or dynamic protein
segments. The C backbone of the atomic model of the protein capsid
seen in the high-resolution structures of sFHV is shown as yellow traces,
and the model of the ordered pieces of duplex RNA is shown as a stick
model. The high-resolution protein model ﬁts the electron-density map
very well. The ordered RNA model is buried in the RNA density in
green.
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