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Fig. 19.3.2.2. Comparison of the absolute values of single-crystal reﬂection
amplitudes (circles), the solution scattering intensity (thick curve) and
the calculated scattering intensity from a uniform sphere (thin curve).

the virus. All three diffraction patterns are in close agreement at
resolutions below 50 Å, with the only difference being the
continuous sampling of the transform in the computed and solution
scattering curve and the discrete sampled transform of the
crystalline virus. The RNA density in Flock house virus (FHV)
shown in Fig. 19.3.2.1 illustrates the information content of the lowresolution data. DNA density functions in polyoma virus were
mapped by employing similar methods (Grifﬁth et al., 1992). Lowresolution single-crystal data are also critical for applying the
methods of de novo phase determination. Geometric solids, such as
a sphere, or a low-resolution electron cryo-microscopy (cryoEM)
reconstruction may serve as initial phasing models for such a
strategy, and the procedure of reﬁning and extending phases is
much more robust if the low-resolution data are measured
accurately (Tsuruta et al., 1998).

19.3.3. Solution X-ray scattering studies
Protein crystals have high solvent content: typically 50% and as
much as 80% in some cases (e.g. Johnson & Hollingshead, 1981;
Wikoff et al., 1998). Some solvent is well ordered and visible in the
crystal structure. Some, referred to as bulk solvent, is dynamic, not
speciﬁcally associated with parts of the repetitive lattice and can be
readily exchanged within the crystal using a ﬂow cell. The high
solvent content of macromolecular crystals makes it probable that
most of the features of a protein molecule that are important for its
function in solution are preserved in the crystallographic structure.
Cases are known, however, in which lattice forces or crystallization
conditions have masked functional features of the macromolecule
or induced functionally irrelevant oligomerization. A straightforward application of solution scattering is the veriﬁcation of the
relevance of the oligomerization state of a macromolecule observed
in the crystal. The methods are complementary, because the crystal
structure almost invariably leads to the correct secondary and
tertiary structures for the monomer, and the SAXS experiment
allows the determination of the quaternary structure of the
macromolecule in solution.
The solution scattering pattern of the macromolecule can be
calculated directly from a set of atomic coordinates. Scattering
computed from models of different oligomerization states or from
models of the monomer can be readily compared with the observed
scattering pattern. In many cases, not only can the oligomer state be

determined, but also the point-group symmetry of the oligomer;
hence more information is available than through a solution
molecular-mass determination by other physical methods. Using
the same approach, effects of various ligands on the state of a
protein can be studied in solution. Any large-scale structure
alteration of a protein, including changes in quaternary structure
or folding and unfolding, can be readily studied in solution, either as
a static experiment or as a time-resolved investigation.
Recently, the search for crystallization conditions of macromolecules has been reﬁned by the use of dynamic light scattering.
Solution X-ray scattering can be even more effective because it is
sensitive to molecular aggregates that are smaller than those
detected by light scattering, and this broadens the radius of
convergence for conditions that will produce good-quality crystals.
For example, the interparticle interaction potential of proteins with
a mass of less than 100 kDa can be readily measured in the SAXS
experiment, and this has been shown to be an important factor in
their crystallization (Bonneté et al., 1997). In a particularly
successful experiment, a set of small-angle solution X-ray
scattering results was used to improve crystallization conditions,
and this lead to single crystals that diffracted beyond 1.9 Å (Mourey
et al., 1997). A similar approach was used to distinguish between
virus coat protein polymerization and crystallization (Petitpas et al.,
1998). Studies in which a number of solution conditions must be
tested can be done most effectively using synchrotron small-angle
scattering facilities, though it is possible to conduct such studies
with a conventional X-ray source.
19.3.3.1. Information content of solution scattering
Solution scattering deals with samples that are randomly oriented
in a solvent. Three-dimensional information is compressed to one
dimension, and a one-dimensional self-correlation function (a
rotationally averaged Patterson function) of the protein is obtained
when the scattering function is properly Fourier transformed.
Excellent books describing the information content of small-angle
scattering include those by Guinier & Fournet (1955) and Glatter &
Kratky (1982), and for modern perspectives see Feigin & Svergun
(1987). Concise reviews with a strong focus on structural biology
have also appeared, including those by Trewhella (1998) and Koch
(1991). These reviews describe the theoretical background,
experimental considerations and ways of extracting structural
information. None of these take our perspective, which is addressed
to the sceptical crystallographer.
Assume a monodisperse protein solution. X-ray scattering from
the solution originates from the excess electron density of protein
particles over that of the solvent,  r   rprotein solvent (Fig.
19.3.3.1). Note that  rprotein is typically only about 30% higher
than solvent , and that  r, the electron-density ‘contrast’, depends
on the solvent composition. The scattering intensity observed for
such a system is given by
I Q  F QF  Q
R

 r1  r2  exp iQ r1

where Q  4 sin = (2 is the scattering angle and  is the
wavelength of the X-radiation used). Owing to the rotationally
averaged nature of solution scattering, the exponential term may be
substituted with the Debye function, sin Qr=Qr, giving
R
I Q  4r2  r2 sin Qr=Qr dr:
19:3:3:2
r

Guinier & Fournet (1955) showed that equation (19.3.3.2) can be
approximated by a Gaussian function at relatively small scattering
angles resulting in
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Fig. 19.3.3.1. Deﬁnition of electron-density contrast. The excess electron
density of protein particles over that of the solvent,
 r   rprotein solvent , is the origin of solution X-ray scattering.

I Q  I Q  0 exp

Q2 R 2g =3:

19:3:3:3

This approximation is theoretically valid for Q  1=R. Physical
parameters of the system that can be determined from the solution
scattering experiment are R g , the radius of gyration of the molecule
and I Q  0, the scattering intensity at zero angle. The radius of
gyration is deﬁned as the root-mean square of the distances of all
electrons from their centre of gravity. The radius of gyration can be
related to characteristic dimensions of relatively simple objects. For
instance, R 2g  3=5R 2 for a sphere of radius R, and R 2g  a2 
b2  c2 =5 for an ellipsoid with semi-axes a, b and c (Feigin &
Svergun, 1987). The scattered intensity at zero angle is proportional
to the square of the molecular mass of the macromolecule at a
deﬁned number concentration. A plot of ln I Q versus Q2 is called
a Guinier plot, and if the system is monodisperse and the
macromolecule is relatively globular in shape, the plot will be
linear up to at least Qmax  1=R g (Fig. 19.3.3.2a inset). The Guinier
plot should begin at a Q value signiﬁcantly smaller than 1=R g . In
practice, many investigators take the Q range for the plot to higher
Q values such as Qmax  1:5=R g , or nearly to 2:0=R g , since the
Guinier plot is often linear to higher Q values. Signiﬁcant deviation
from linearity in the Guinier region is an indication of polydispersity or an extreme deviation from globular shape, such as a
cylinder. The solution scattering intensity is proportional to the
molecular mass of a particle, thus it is very sensitive to the presence
of even a trace amount of large oligomers. Discrete oligomeric
states can be identiﬁed by the electron pair distance correlation
functions as shown in Fig. 19.3.3.2(b). A second contribution to
nonlinear Guinier plots is interparticle interference due to strong
interactions among particles. In these cases, the particle correlation
function is overlaid on the scattering function from the molecular
envelope. Strong interparticle interference is illustrated in the
example in Fig. 19.3.3.3. The P0 glycoprotein was solubilized with
sodium dodecyl sulfate (SDS), whose net charge expels solubilized
protein particles from each other, generating a correlated
interparticle distance in the range of 250 Å. While the correlation
is rather weak at 2 mg ml 1 , much stronger interference is seen at
higher concentrations. This is an extreme example of interparticle
interference, because a noticeable interference peak is observed in a
much higher concentration range, well over 10 mg ml 1 , for most
soluble proteins. Smaller proteins often exhibit more pronounced
interparticle interference at lower concentrations than larger
proteins, perhaps because the number concentration of protein
molecules is higher with smaller proteins. In the case of the 100 kDa
protein in Fig. 19.3.3.3(b), no detectable interference peak is seen.
While Guinier plots are linear throughout the concentration range
studied, the slope, i.e., the radius of gyration, gradually decreases as
the protein concentration is increased (data not shown). Also note
that a small inorganic molecule could change the interparticle
interference, as seen in slight change in the slope of the R g versus

Fig. 19.3.3.2. (a) The calculated solution X-ray scattering curves from the
crystal structure of Salmonella typhimorium glutamine synthetase.
Glutamine synthetase is composed of 12 identical 469-residue subunits
and forms a functional dodecameric assembly (PDB entry 2GLS;
Yamashita et al., 1989). The single subunit was computationally
isolated, and the solution scattering curves for the subunit (thin line)
and the assembled form (thick line) were calculated with a 3 Å-thick
hydration layer of 0.03 e Å 3 using CRYSOL (Svergun et al., 1995). The
curves are normalized to an identical weight concentration, that is, the
number concentration of the dodecamer is 1/12 of that of the subunit,
giving a 12-fold increase in I Q  0. The inset shows Guinier plots of
the calculated scattering curves. The radii of gyration determined by the
Guinier plot to Q ' 1:0=R g (solid-line ﬁt) for the subunit and the
assembled form are 24.1 and 55.8 Å, respectively. The ‘extended’
Guinier plots to Q ' 2:0=R g (circles) give 23.9 and 56.5 Å. Note that
both Guinier plots are quite linear beyond Q ' 2:0=R g , although the
Guinier approximation is theoretically valid to Q ' 1:0=R g . It should be
noted, however, that the ‘extended’ Guinier plot tends to give
signiﬁcantly smaller R g for elongated shapes. (b) The electron distance
distribution functions. The pair distribution functions P r were
calculated from the scattering curves in (a) using GNOM (Svergun,
1992). The maximum intramolecular distance is 75 and 160 Å for the
subunit and the assembled enzyme, respectively. The P r gives the
radius of gyration as 23.6 Å for the subunit and 55.0 Å for the assembled
enzyme.
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concentration plot. This small ligand induces a conformational
change in the protein, which alters its electrostatic properties. The
best results are usually obtained when scattering curves are
recorded at a few different protein concentrations and then
extrapolated to inﬁnite dilution. This procedure generates a
scattering curve free from interparticle interference. Extrapolated
values of R g are often used to assess the magnitude of protein
conformational changes. The interparticle interference, on the other
hand, could be used to evaluate electrostatic properties of the
protein, though this effect has not yet been clearly linked to any
speciﬁc physical parameter, except the second virial constant. Note
that the positive slope of the R g versus concentration plot is an
indication of either concentration-dependent oligomerization or
non-speciﬁc aggregation. Different solution conditions should be
tested to avoid a positive slope. The forward scattering intensity
I 0 is calculated by extrapolating the Guinier plot to Q  0. I 0 is
proportional to the number of electrons in a particle, though it
depends on the solvent electron density, given the deﬁnition of
electron-density contrast. This complicates the determination of
absolute molecular weight. Relating the measured I 0 values to the
molecular mass of the protein thus requires a well characterized
monodisperse protein system with a known molecular weight for
calibration. A solution of hen egg lysozyme or bovine serum
albumin is often used. These proteins, however, tend to show
signiﬁcant changes in scattering intensity at very small angles due
to radiation-induced aggregation under a full synchrotron-radiation
beam. Synthetic polymers such as polyethylene are convenient
standards because of their high stability; however, they scatter
X-rays orders of magnitude more than many protein solutions,
making it difﬁcult to scale the data to such a standard. The problem
is not usually serious, as most biological studies deal with proteins
of known molecular mass. Studies of oligomeric proteins are
simpliﬁed, because a species of known molecular mass, e.g., a
monomer, usually serves as an internal standard. The Guinier plot
ln I(Q) versus Q2 is no longer linear, even at small angles, when the
shape of the protein deviates signiﬁcantly from a globular shape. A
plot of ln QI Q versus Q2 gives a radius of gyration of the cross
section and mass per unit length for a rod-like particle as well as a
radius of gyration of thickness and mass per unit area (Feigin &
Svergun, 1987; Glatter & Kratky, 1982).
Other information obtained directly from the experiment when
there is no a priori knowledge of the structure is the electron pair
distribution function P r, i.e., the histogram of distances of all
possible pairs of electrons within a particle (Fig. 19.3.3.4). This
quantity is obtained from the Fourier transform of the observed
scattering intensities. Fourier termination effects and smearing of
scattering curves due to the use of a nonideal experimental
geometry must be considered in the derived result. Algorithms
have been developed to incorporate the experimental geometry in
the back Fourier transform (Glatter, 1999; Moore, 1980). The use of
nearly parallel, focused synchrotron X-ray beams, with a small
beam cross section and a long sample-to-detector distance, often
eliminates the need for desmearing scattering curves and this leads
to P r functions with minimal errors from data correction and
manipulation. P r, in turn, gives R g and I Q  0:
 Dmax

DRmax
R
2
R g  1=2
r P r dr
P r dr ,
19:3:3:4
I 0  4

DRmax

P r dr:

19:3:3:5

The entire scattering curve is used to obtain P r, thus giving more
accurate values for R g and I 0 than those from a Guinier plot, even
when the data do not cover many of the scattering angles below
Q  1=R g . The values of R g obtained from P r tend to be less
sensitive to trace amounts of contaminating higher aggregates.

Fig. 19.3.3.3. (a). Interparticle interference in biological small-angle
scattering. Scattering from myelin P0 glycoprotein solubilized in 0.1%
SDS, recorded at 2, 4 and 8 mg ml 1 (Inouye et al., 1999). (b) Plots of
measured radii of gyration of E. coli aspartate transcarbamoylase
catalytic trimer versus concentration in the absence (open circles) and
presence (ﬁlled circles) of the bisubstrate analogue N-phosphoneacetylL-aspartate (E. R. Johnson, H. Tsuruta & H. K. Schachman, unpublished
data).

19.3.3.1.1. Solution scattering and crystal structures
SAXS is an extremely powerful method for studying the relative
change in molecular weight, and thus the oligomerization state, of a
protein system. Such studies are useful in the case of proteins that
change in quaternary structure as a means of regulating biological
function. Changes in association state such as nA $ An lead to a
large change in I 0, which is proportional to the square of the
molecular mass and to the number of particles in solution. In the
example illustrated in Fig. 19.3.3.2, the formation of a dodecameric
assembly composed of 12 identical subunits at a constant weight
concentration results in the increase in I 0 by a factor of 12.
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positions, to reduce computation time. This approach still
approximates the molecular envelope of this large molecular
complex very well, and the effect of the hydration layer could be
incorporated, as proposed by Lattman (1989). Alternatively, threedimensional objects can be approximated by a sum of spherical
harmonics (Harrison, 1969; Stuhrmann, 1970), and the Fourier
transform of the spherical harmonic expansion is an effective
method for evaluating the Debye formula. The program CRYSOL,
developed by Svergun et al. (1995), can compute the entire
scattering curve for the dodecameric glutamine synthetase in
10 min using this method. Explicit incorporation of symmetry
allows a solution scattering curve from giant molecular complexes,
such as an icosahedral virus particle, to be computed efﬁciently
(Zheng et al., 1995).
19.3.3.1.2. Low-resolution model determination using
solution scattering
Fig. 19.3.3.4. Deﬁnition of the electron pair distance distribution function
P r. It is a histogram of all electron pair distances within a particle as
depicted here. The largest dimension of the molecule Dmax is
determined from the point where P r falls to zero.

The radius of gyration can be readily calculated with atomic
coordinates, employing a program such as X-PLOR. This provides a
quick means of verifying the overall crystal structure in solution. R g
values measured in solution are often larger, by up to a few
ångstroms, than those calculated from atomic coordinates. Such
differences are larger than statistical errors in a carefully planned set
of experiments, although trace amounts of molecular aggregates
due to the presence of naturally present higher oligomers, impurities
or radiation-induced aggregation could increase apparent radii of
gyration. The apparent protein envelope may be enlarged
signiﬁcantly by the presence of structured water molecules
surrounding the protein. Strongly associated water molecules on
the protein surface are signiﬁcant, because the electron-density
contrast between a protein and a solvent is small (Lattman, 1989). A
recent study by Svergun, Richards et al. (1998), combining X-ray
and neutron solution scattering techniques, veriﬁed that the
hydration layer is critical when interpreting solution X-ray
scattering curves based on crystal structures, because crystallographic structures underestimate the extent of the hydration
layer. This layer is about 3 Å thick, with an average density about
10% higher than that of bulk solvent. The program CRYSOL,
developed by Svergun et al. (1995), has incorporated the ﬁrst
hydration layer in the calculation of scattering curves and radii of
gyration, providing estimates of the scattering close to those
observed experimentally.
The Debye formula, (19.3.3.6) below, demonstrates that solution
scattering intensity is sensitive to the overall shape of the molecule
and can readily follow changes in particle dimensions. The intensity
of scattering is given by
PP
 ri  rj  sinQ ri rj =Q ri rj , 19:3:3:6
I Q 
i

j

where the indices represent individual mass elements or electrons.
The solution scattering intensity from a macromolecule of known
structure can be calculated readily with this expression. An entire
scattering curve can be computed rapidly, even for molecules with
thousands of atoms. For instance, calculation of the scattering curve
of a glutamine synthetase subunit with 3636 atomic positions took
approximately 30 min with a DEC Alpha workstation. The
calculation of the dodecameric assembly of glutamine synthethase
was performed using only -carbon positions, instead of all atomic

The coordinates for a structure are often unavailable, but its
general shape is known from electron microscopy or hydrodynamic
studies. Pilz et al. (1979) demonstrated that reasonable scattering
patterns from complex systems could be generated using a model
that approximated the shape of a large complex with a number of
uniform-density spheres. This approach has been improved over the
years to make it less dependent on initial models. For instance, a
genetic algorithm was recently used to select a few best models
composed of uniform-density spheres to generate density functions
in close agreement with solution scattering data (Chacón et al.,
1998). A program for this approach, DALAI_GA, has recently been
released. There have been other effective approaches to the
determination of low-resolution structures from solution scattering,
including Monte Carlo methods (Olah et al., 1995) to select the
most plausible model among many possibilities. On the other hand,
the program DAMMIN uses simulated annealing for optimization
(Svergun, 1999).
Multiple-sphere modelling approaches involve many parameters,
and the veriﬁcation of resulting models can be difﬁcult. This is a
fundamental problem in solution scattering, because random
orientation of a protein in solution limits the number of structural
parameters that can be determined reliably. The scattering curve
recorded in the resolution range 700 to 20 Å, a typical angular range
covered in solution X-ray scattering studies of proteins, allows only
a small number of parameters to be reﬁned, typically less than 20,
according to Shannon’s information theorem. Density functions for
oligomeric proteins displaying speciﬁc molecular symmetry can be
computed directly from the solution scattering pattern with
spherical harmonic expansions that reﬂect the symmetry (Jack &
Harrison, 1975). A set of solution scattering curves from
components of an icosahedral virus particle (Schmidt et al., 1983)
was analysed by an icosahedral harmonic expansion technique,
directly generating a low-resolution structure of the virus particle
that was comparable to one determined by cryo-electron microscopy and image reconstruction (Zheng et al., 1995). More recently,
density functions for asymmetric particles were derived de novo
from the solution scattering patterns with a spherical harmonic
expansion and no imposed symmetry (Svergun et al., 1996). An
interactive modelling tool has been developed that combines the
spherical harmonics approach with placement of protein-subunit
coordinates in real space to construct a model for a large
macromolecular complex using solution scattering data (Kozin et
al., 1997).
19.3.3.2. Instrumentation for small-angle X-ray scattering
A small-angle X-ray scattering instrument typically consists of
an X-ray source, a set of X-ray optics, a sample holder and a
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resolution and read-out speed. The level of noise generated within
an entire detector system must always be constant and preferably
much lower than the weakest level of signal to be measured.
19.3.3.2.1. Instruments on conventional sources
Kratky cameras, which are commercially available, have been
used for many years in small-angle X-ray scattering studies of
synthetic polymers and relatively large biological systems (Glatter
& Kratky, 1982). These instruments record scattering in only one
dimension, thus they are not always suitable for the study of weak
X-ray scatterers, although excellent accessibility to small angles is
often achieved. More recent small-angle X-ray scattering instruments have a pinhole collimation system similar to those used on
synchrotron instruments described below. They allow isotropic
scattering to be measured with a two-dimensional detector (Bu et
al., 1998). Synthetic multilayered materials, such as Mo-B4 C,
formed on a ﬁgured surface serve as a monochromator element as
well as a focusing device and produce an X-ray beam with very
small divergence (Schuster & Göbel, 1995). Many instruments on
conventional sources could beneﬁt from this new development in
X-ray optics.
19.3.3.2.2. Synchrotron instruments

Fig. 19.3.3.5. A small-angle X-ray scattering instrument on BL 4-2 at the
Stanford Synchrotron Radiation Laboratory. (a) A diagram of the
instrument composed of an eight-pole wiggler source (A), mirror slits
(B), toroidal focusing mirror (C), monochromator slit (D), doublecrystal monochromator (E), fast beam shutter (F), beam-deﬁning slit
(G), guard slit (H), ion chamber (I), crystal spindle axis (J), which would
be replaced with a solution sample cell for solution X-ray scattering,
beam stop (K) and an image plate detector (L), which would be replaced
with a gas-chamber detector for solution scattering. Vacuum beam ﬂight
paths are drawn in dotted lines. (b) A view of the instrument as
conﬁgured for small-angle single-crystal diffraction with a crystal-todetector distance of 1.3 m. Some of the components in (a) are also seen
in (b).

detector system (Fig. 19.3.3.5). The source can be an X-ray tube, a
rotating-anode source or synchrotron radiation. The choice of
optical components depends on the type of source, beam-ﬂux
requirement and angular range to be covered. The optics system
includes a beam focusing device, such as a mirror, a monochromator, beam-collimation slits, vacuum paths and a beam stop.
Owing to the very weak level of X-ray scattering from solutions of
biological macromolecules, caution must be taken to minimize
scattering from air and window materials used in the sample holder
as well as to contain elements of the system under vacuum. The
choice of detector depends primarily on the level of signal expected
for typical samples at the detection plane. Other factors that are
crucial in choosing a detector system include active area, spatial

The needs for time-resolved capability and for measuring weak
X-ray scattering have lead to the development of synchrotron smallangle X-ray scattering instruments. Most of these instruments
employ the pinhole camera geometry and are suitable for ﬁbre
diffraction experiments as well. [For a review, see Koch (1988).]
Major synchrotron facilities that produce radiation in the hard X-ray
regime have at least one small-angle X-ray scattering instrument of
this type. Gas proportional counters are common with these
instruments, as they allow photon counting virtually without
added noise (Petrascu et al., 1998). Gas proportional counters are
equipped with very fast electronics modules, allowing more than
1000 time-resolved scattering patterns to be recorded successively
every second (Boulin et al., 1988). The disadvantage of these
detectors is the count-rate limit, i.e., counting efﬁciency drops to
below 50% at about 105 to 106 counts per second. This is due to the
fact that the position of photon arrival is converted to a time
domain, which is then registered in a histogram memory module.
The space-to-time conversion occurs ﬁrst on the delay lines
incorporated in the gas-chamber detector, then the time-to-space
conversion is performed by time-to-digital converters. These
processes take a fraction of a ms per X-ray photon using present
technologies. The position of the X-ray photon cannot be recorded
effectively when another photon is being processed, thus leading to
the count-rate problem mentioned above. Cipriani et al. (1994)
proposed a new delay-line technology to increase this limit by a
factor of at least 10, making gas-chamber detectors useful at high
count rates. Experimenters should, however, be aware of spacecharge effects in gas proportional counters. Two experimental
artifacts can be observed. First, intensity near the beam stop is
reduced when macromolecular complexes are studied. Second,
peaks with high intensity can be reduced at their maximum, giving
the impression of two closely spaced weaker peaks with a trough at
the location of the true peak. Arriving photons are not counted by
the detector when the local count rate exceeds the recombination
rate of a detector gas molecule. Modern integration detectors, such
as the image plate and the charge-coupled-device (CCD)-based
detectors, have virtually no count-rate limit and have been
characterized for small-angle scattering. These new detectors
have certain limitations, such as a relatively slow data-acquisition
rate, a problem for time-resolved studies. In general, care should be
taken to match the detector to the experiment.
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19.3.3.3. Experimental considerations
19.3.3.3.1. Sample preparation
Sample volumes required for one measurement are between 10 to
50 ml, occasionally more, depending on the speciﬁc design of the
sample cell used. The concentration required to record a scattering
curve with satisfactory statistics depends primarily on the molecular
weight of the protein and the beam ﬂux. Approximately 1 mg ml 1
of a small protein (10–20 kDa) is the lower limit for recording a
scattering pattern with satisfactory statistics when experiments are
performed with a typical synchrotron instrument equipped with a
gas-chamber detector. Somewhat lower concentrations of larger
molecular weight proteins may be used. Higher concentrations will
improve statistics signiﬁcantly and reduce exposure times, but
interparticle interference may result from high concentrations.
Time-resolved experiments beneﬁt dramatically from higher
sample concentrations. In addition to the scattering power of the
sample, the signal-to-background ratio and overall stability of an
instrument (from X-ray source and optics to detector) limit the
lowest concentration for a given experiment. Although higher
concentrations add dramatically to the scattering and improve
statistics, sample solutions must be monodisperse. Small-angle
solution scattering is not well suited to the study of polydisperse
systems, which give scattering of the entire molecular population
weighted by the square of the mass, although a few distinct
populations of substantially different sizes may be resolved with
good-quality data. Chemical components that may have been
carried along in a sample preparation, such as ammonium sulfate,
sucrose, chloroform or caesium chloride, should be removed. The
presence of such compounds may change the electron-density
contrast and X-ray absorbency of the sample. In general, this can be
most effectively avoided by exhaustive dialysis with the desired
buffer solutions. The outer solution used for the ﬁnal dialysis should
be used for the blank measurements. Scattering contributions from
the buffer solution, the sample cell and parasitic scattering must be
subtracted from the measured scattering curve; these can be
measured accurately from a well prepared blank. Extra buffer
solution should be available for sample dilution. The data quality is
improved and problems with radiation-sensitive samples are readily
detected when protein concentrations and biological activities of
samples are measured before and after the scattering experiment.
Accurate protein concentration measurements permit scattering
intensities from different samples to be scaled together accurately.
This is particularly important in determining molecular weight.
19.3.3.3.2. Sample-handling devices
Sample holders used in solution scattering are either Lindeman
glass or quartz capillaries, or machined cells equipped with ﬂat
windows (Fig. 19.3.3.6). Glass capillaries have been widely used to
contain a sample solution. A beam size signiﬁcantly smaller than
the diameter of the capillary is required to minimize strong parasitic
scattering from the round edge of the capillary. A large beam size in
the horizontal direction may be used with capillaries to obtain
stronger scattering intensity without adding parasitic background.
Capillary cells are suitable for measuring scattering primarily in the
direction perpendicular to the long axis of the cell. The advantage of
the capillary cell is the small volume of sample solution required for
measurements. About 4 ml of a sample solution in a 1 mm-diameter
capillary provides sufﬁcient material for the experiment. By
employing a specialized holder, a capillary cell can be placed
under a vacuum, minimizing air scattering (Dubuisson et al., 1997).
This feature is useful for solution scattering studies of small
proteins. Anaerobic samples may be sealed in a capillary.
Another common sample cell holds the solution between a pair of
ﬂat windows. This cell offers two improvements over capillary cells

Fig. 19.3.3.6. (a) Flat-window cells for solution scattering and (b) a
diagram of a stopped-ﬂow rapid mixer for time-resolved solution
scattering. The solution cell to the left in (a) is made of polycarbonate
and is equipped with two synthetic mica windows. A sample solution is
injected through one of two sample loading channels using a
microsyringe. The black cell to the right is made of coloured
polyoxymethylene for light-activated, time-resolved studies and has a
smaller sample chamber. In (b), two solutions, e.g. an enzyme solution
and a substrate solution, are put in sample reservoirs, loaded into
individual syringes and wait for a trigger signal from the dataacquisition system. Then the two solutions are rapidly mixed,
transferred to the observation cell, typically within 5 ms or less, and a
trigger signal initiates a series of time-sliced scattering-data acquisitions. This stopped-ﬂow mixer is also equipped with optical paths to
monitor absorption or ﬂuorescence from the protein solution in the
observation cell.

– a larger beam cross section may be used, which increases the
number of photons incident on the sample, and a two-dimensional
detector can be effectively used for recording the scattering. Flatwindow cells are available that require only about 10 ml of solution.
Both capillary and ﬂat-window cells require a holder with
temperature regulation. The choice of window materials for the
sample container is important because of the weak sample
scattering. An X-ray-transparent material is required that has little
intrinsic scattering within the scattering-angle range of the sample.
Common window materials include synthetic mica of high purity
and certain types of polypropylene and polyamide. Etched high-
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quality beryllium has also been used. The windows must be thin
enough to transmit X-ray photons, but rigid enough to keep a
constant beam-path length through sample solutions. A valuable
comparison of window materials has been published recently
(Henderson, 1995). A protein solution scattering pattern and a
corresponding blank scattering curve should be measured in the
same sample cell, unless the cells and windows are identical.
Special sample-handling devices have been built for timeresolved studies. Stopped-ﬂow mixers for solution X-ray scattering
are routinely used by a number of research groups (Kihara, 1994),
and a high-pressure solution cell has been constructed (Czeslik et
al., 1996). The assembly process of tobacco mosaic virus has been
studied using a temperature-jump apparatus (Hiragi et al., 1988).
19.3.3.3.3. Designing experiments
The angular range for data collection should ﬁrst be determined
on the basis of the structural information required, and an
instrument should be conﬁgured accordingly. Most camera systems
have the ﬂexibility to use more than one sample-to-detector
distance, and they are occasionally equipped with an additional
detector to cover higher angles.
The exposure time is usually determined empirically, taking into
account the data statistics required, the number of conditions to be
investigated and the total amount of beam time available. Typical
exposure times run from a few minutes with a synchrotron source to
several hours with a laboratory source. Exposure time depends
strongly on the sample molecular weight, the concentration and the
angular scattering range of interest. It is essential to measure the
blank solvent, i.e., the buffer solution in which the protein of
interest is dissolved. It should be recorded with the same statistical
signiﬁcance as the protein solution scattering. This blank is
subtracted from the observed protein solution scattering intensity,
and therefore its intensity contributes to the overall counting
statistics. Accurate blank measurements can take signiﬁcant
amounts of time and should not be ignored when planning the
experiment. Blank solution scattering patterns should be recorded
as often as possible. They serve as an internal control to detect
systematic errors during periods of instrumental instability. In
addition, the intensity of the incident X-ray beam should be
integrated during the exposure time and used to scale the scattering
data. Although it is useful to record the beam intensity transmitted
through the solution sample, absorption is generally not a signiﬁcant
problem for solution scattering.
19.3.3.3.4. Data-collection practices
Scattering intensity measurements should be performed with a
series of experiments. Solutions at different concentrations will
demonstrate that the anticipated trends are observed at a qualitative
level, even before the data are processed. Time-dependent
aggregation or degradation are detected by recording scattering
curves in a series, with a short exposure for each curve (e.g.,
recording 10 successive scattering curves every 30 s for one protein
solution). Proteins in solution may degrade in the full ﬂux of a
synchrotron-radiation beam and may exhibit radiation-induced
aggregation. This is easily recognized by inspecting the very
small angle region of scattering patterns that are recorded
successively using short exposure times. Radiation damage can be
reduced or eliminated either by attenuating the primary beam or by
adding small amounts of antioxidants, which may help remove free
radicals. There are several cases in which a small amount of
dithiothreitol or -mercaptoethanol prevented radiation-induced
aggregation. The effects of the sulfur-reducing agents are consistent
with the observation by a time-resolved single-crystal study that the
sulfur atom disappears ﬁrst from an electron-density map (Weik et
al., 2000). Temperature control is essential for most experiments.

Irradiation by a 9 keV X-ray beam at a rate of 1011 photons s 1 will
heat up an aqueous solution of a few ml by a fraction of a Kelvin per
second if a constant-temperature device is not employed.
Preliminary data processing should take place immediately with
each sample measurement. Processing ‘on the ﬂy’ is particularly
important when experiments are performed at a synchrotron where
access may be limited. Visual inspections or statistical evaluation
should be made for time-dependent aggregation at a low scattering
angle. A determination of the sample molecular weight by
estimating I(0) and the radius of gyration from the Guinier plot
would also be useful. In addition to making measurements with a
blank, scattering from a standard sample should be measured,
allowing the relative molecular weight of the unknown to be
determined. A standard, stable, well deﬁned known sample should
be recorded prior to any other measurements. Running the same
standard sample in every data-collection period makes it easier to
compare and scale data sets recorded at different times. Sample
solutions should be recovered from sample cells and stored
separately, so that post-irradiation concentrations can be measured,
as well as their biological activity if this can be assayed. A standard
sample that gives sharp diffraction peaks of known spacing should
be measured to allow the conversion of the detector channel number
to Q values. A dried collagen ﬁbre or a non-biological or more
stable specimen such as cholesterol myristate is commonly used.
Determining the direct beam position at the detector plane is critical
in converting a detector pixel number to a Q value. The symmetric
centre of a diffraction pattern of a powder or ﬁbre sample may be
used, or a thick metal foil may be inserted to attenuate the primary
beam intensity and the beam position measured directly with the
detector. In order to place the scattering intensity on an absolute
scale, i.e., to determine the scattering cross section, data from a
calibrated standard sample need to be recorded.
19.3.3.3.5. Data processing and analysis
Processing the solution scattering data ﬁrst requires scaling the
raw intensity measurements to the incident or transmitted beam
ﬂux, then averaging scattering curves recorded from identical
samples and subtracting measurements from the blanks described
above. Corrections for detector non-uniformity or image distortion,
if any, must be made, and then the detector channel numbers are
converted to Q values (or inverse Bragg-scattering spacing) through
the use of the scattering standard for absolute scattering-angle
determination. Many facilities provide data-processing support at
least to this level. Except for the image-distortion correction,
commercially available analysis and visualization software can be
used for this purpose. Data formats currently vary among facilities
and depend on the detector systems used, but efforts are underway
to establish a standard format that would enable the wide use of
common data-reduction software. Common formats will make it
straightforward to perform data reduction ‘on the ﬂy’ and to monitor
the quality of the data closely. Unfortunately, the size of the
biological small-angle scattering community is not conducive to
costly development of commercial software, so user friendliness
has not generally been a priority in its development.
Plots of I versus Q that are corrected for all the known
experimental factors are obtained from the data processing, and
structural parameters may be derived from these data. The
molecular weight and the radius of gyration can be derived
immediately from the Guinier approximation. Calculation of the
optimal electron pair distribution function by computing the Fourier
transform of the intensity function provides the only ‘real-space’
data directly obtainable from the experiment. The program GNOM
developed by D. Svergun is widely used for this purpose and may be
obtained from the program author. An algorithm developed by P.
Moore has been widely implemented, and software developed by
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Table 19.3.3.1. List of commonly used software for solution scattering
Program

Function

Reference

OTOKO*
SAPOKO
GNOM
IFT
CRYSOL
SASHA
ASSA and ALM22INT
DAMMIN
DALAI_GA

Data evaluation for noncrystalline diffraction
Data evaluation for solution scattering
Indirect Fourier transform for P(r)
Indirect Fourier transform for P(r)
Calculation of I Q from PDB files
Spherical harmonics structure determination
Three-dimensional modelling in real space
Simulated annealing structure determination
Genetic algorithm structure determination

Koch (1988)
Koch & Svergun (1992)
Svergun (1992)
Glatter (1999)
Svergun et al. (1995)
Svergun, Volkov et al. (1997)
Kozin et al. (1997)
Svergun (1999)
Chacón et al. (1998)

* An X-terminal compatible version of OTOKO has been developed at Daresbury Laboratory.

Glatter et al. (Glatter, 1999) is available. Table 19.3.3.1 lists
software suites frequently used in interpreting solution X-ray
scattering data.
19.3.3.4. Recent applications of solution X-ray scattering in
structural molecular biology
Solution X-ray scattering provides a direct means of measuring
shape at low resolution, i.e., the radius of gyration, the maximum
dimension within a protein and the relative molecular weight.
Determining the oligomeric state of a protein system is straightforward. Dimensional parameters for simple objects can be obtained
indirectly by ﬁtting the observed pattern with spherical or highersymmetry harmonics. The concept can be extended by use of partial
structural models obtained by crystallography and NMR to
construct a low-resolution model of large macromolecular complexes that are not amenable to these high-resolution techniques.
The reﬁnement of such models against the solution scattering data
of the putative complex bridges between atomic resolution
structures and biological functions performed by large complexes.
Time-resolved studies expand knowledge derived by a variety of
structural techniques into the context of experimental molecular
dynamics. The examples given below demonstrate some such
complementing aspects of solution X-ray scattering studies.
19.3.3.4.1. Studies of proteins in solution that complement
high-resolution structures
Recent advances in solution scattering data interpretation have
made it possible to determine three-dimensional structures at
resolutions comparable to those of electron microscopy. In some
cases, low-resolution structures were derived from solution X-ray
scattering independent of a structural model obtained by other
structural techniques. Svergun et al. (1994) derived a 15 Åresolution model of 50S ribosome using the spherical harmonics
method. The low-resolution structures of the dimeric and tetrameric
forms of pyruvate decarboxylase were obtained by the same method
from X-ray solution scattering data (König et al., 1992) before the
crystal structure was published. The X-ray structure, at a
comparable resolution, was in close agreement with the solution
scattering result. The same enzyme obtained from different
organisms has also been modelled with solution scattering data.
Calcium-binding proteins have been extensively studied by
solution X-ray scattering. These data ﬁrst demonstrated the large
conformation change of calmodulin promoted by binding Ca2
(Seaton et al., 1985). Comparison of the solution scattering curve
calculated for the crystal structure of calmodulin with the
experimental scattering curve showed that crystal-packing forces
substantially altered the solution conformation of the protein

(Heidorn & Trewhella, 1988). Kataoka et al. (1989) reported the
ﬁrst glimpse of the conformational change of calmodulin induced
by melittin, a model peptide for target enzymes. These early studies
led to a number of important solution scattering studies on the
protein–protein interaction in Ca2 -regulated molecular switching,
including the troponin system in muscle contraction. Krueger et al.
(1997) recently took a combined approach to X-ray and neutron
small-angle scattering by using contrast variation to obtain the ﬁrst
structural model of calmodulin complexed with an enzymatically
active truncation mutant of skeletal muscle myosin light chain
kinase.
A series of structural studies on 70 kDa heat-shock cognate
protein, a molecular chaperone, combined crystallography and
X-ray solution scattering. It was not possible to crystallize the
whole protein, but the crystal structure of the ATPase domain was
solved. ATP binding induces a conformational change in the
protein, resulting in the release of a bound peptide. Wilbanks et al.
(1995) constructed a low-resolution model of the whole molecule
from solution X-ray scattering data, based on the ATPase domain
crystal structure. Solution X-ray scattering was recently used to
screen a point-mutated version of the protein, which retains the
ATP-induced conformational change, contributing to the interpretation of the role of speciﬁc residues in the molecular chaperone
mechanism (Sousa & McKay, 1998).
Solution scattering complemented high-resolution NMR structural studies in the investigation of titin (connectin), a giant muscle
protein (Improta et al., 1998). The high-resolution structures were
determined for two immunoglobulin-like fragments of the I-band
region of titin. Two ellipsoids that simulate the molecular envelopes
of the two fragments were then used to model solution X-ray
scattering data in order to determine the relative position of the two
fragments. The resulting structural model suggests that the motions
around the interdomain-connecting regions are restricted and that
titin behaves as a row of beads connected by rigid hinges. A similar
approach was taken for EGF domains in coagulation factor X
(Sunnerhagen et al., 1996).
There is a long list of large proteins or protein complexes whose
solution X-ray scattering studies have made important contributions
in structural biology. One study demonstrated that the quaternary
structure of an allosteric enzyme, E. coli aspartate transcarbamoylase, in the R (relaxed) state is signiﬁcantly different from that
observed in the R-state crystal, suggesting that a crystal lattice could
deform functional quaternary structure (Svergun, Barberato et al.,
1997). A. vinelandii nitrogenase, the key enzyme in nitrogen
ﬁxation, is composed of two proteins: Fe protein and MoFe protein,
which were crystallized separately. Grossman et al. (1997)
determined a low-resolution structure of the complex of Fe and
MoFe proteins stabilized by ADP---AlF4 , a nucleotide triphosphate
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analogue, solely from solution X-ray scattering data. This was later
conﬁrmed by a crystallographic study of the same complex
(Schindelin et al., 1997). A more advanced approach was used to
construct the three-dimensional structure of E. coli F1 ATPase,
which consists of four different soluble subunits in the form of
3 3 " (Svergun, Konrad et al., 1998). Two smaller subunits, " and
, were disordered in the crystal structure, while NMR provided
solution structures for these subunits. Solution scattering was used
to construct the three-dimensional structure of the F1 ATPase
structure that incorporates all the subunits. The program CRYSOL
was used to calculate individual scattering amplitudes by
approximating high-resolution structures with sums of spherical
harmonics. Then individual amplitudes were combined, according
to the relative positions of all subunits, while the subunits were
moved with respect to each other to ﬁt the experimental scattering
amplitudes obtained for the whole complex. The programs ASSA
and ALM22INT were used to construct the most plausible model for
the complex. A 32 Å-resolution structure of M. Sextra V1 ATPase
was determined ab initio using the spherical harmonics method
(Svergun, Aldag et al., 1998). Here, a three-fold molecular
symmetry in the A3 B3 part, which resembles 3 3 in F1 ATPase,
reduced the number of parameters. The model structure of V1
ATPase has a 110 Å-long stalk region, corresponding to the total
mass of the CDEFG3 part of the complex that connects V1 to the V0
domain embedded in the membrane.
X-ray scattering amplitudes have recently been used in the
correction of the contrast-transfer function in cryo-electron
microscopy in an attempt to improve the ﬁdelity of reconstructed
electron-microscope models (Thuman-Commike et al., 1999). A
low-resolution structure model derived from solution X-ray
scattering and electron microscopy was used to obtain initial phases
for determining the crystal structure of E. coli ClpP, a molecular
chaperone (Wang et al., 1997).
19.3.3.4.2. Time-resolved studies
The advent of synchrotron-radiation sources made time-resolved
X-ray studies of biological macromolecular systems possible.
Time-resolved small-angle scattering studies on noncrystalline
systems, such as skeletal muscle ﬁbres and proteins in solution,
are among the ﬁrst studies of this type. There is still no other
structural technique that offers the means of studying large, realtime conformational changes of macromolecular complexes that
cannot be contained within a crystal lattice. This aspect of time-

resolved solution scattering thus complements time-resolved Laue
crystallography. Arguably, the most important contribution of
small-angle solution scattering in recent years is the study of
temporal changes in biological molecules resulting from changes in
the solution environment. These changes are frequently induced by
rapid mixing using a stopped-ﬂow apparatus or a temperature jump
that allows a virtually synchronous initiation of a reaction, so that
the data reﬂect a common state for the vast majority of the
molecules in solution. The changes may be associations, dissociations [e.g. the self-assembly of tobacco mosaic virus (Potschka et
al., 1988) and microtubule assembly and oscillation behaviours
(Mandelkow et al. 1989)], as well as changes in quaternary
structure. In time-resolved studies of the allosteric transition of E.
coli aspartate transcarbamoylase (Tsuruta et al., 1994), a structural
intermediate during the enzyme reaction that differs from
representative T and R quaternary structures was sought. As the
technique has matured, a number of challenging studies have
recently been conducted. Many of these time-resolved studies are
focused on protein folding, as mentioned below.
19.3.3.4.3. Protein-folding studies
There have been a number of solution X-ray scattering studies on
protein folding in recent years, in which proteins of low molecular
weight had to be investigated under low electron-density contrast
due to the presence of denaturing agents, such as urea, at high
concentration. Solution X-ray scattering complements other
structural techniques used in protein-folding studies, as this is the
only technique available for learning how compact a protein is in
solution. A Kratky plot of solution scattering data serves as a quick
means of determining whether a protein is folded or unfolded.
Recently, the singular value decomposition method was applied to
this class of problems and revealed a folding intermediate of
lysozyme (Chen et al., 1996). This study has recently been
expanded to a time-resolved study, which revealed a compact
folding intermediate that has not yet formed a hydrophobic core
(Chen et al., 1998). Similar studies are being carried out on other
protein systems. Arai et al. (1998) reported that -lactoglobulin
undergoes a similar folding pattern while it forms a folding
intermediate with a hydrophobic core within 100 ms. Uversky et
al. (1998) reported association-induced folding of globular proteins.
Pollack et al. (1999) developed a micro-machined mixer to study
folding of cytochrome c in the sub-millisecond regime.
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