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a  b  s  t  r  a  c  t

Small-angle  scattering  of X-rays  (SAXS)  is  an  established  method  for low-resolution  structural  character-
ization  of biological  macromolecules  in solution.  Being  complementary  to the  high resolution  methods
(X-ray  crystallography  and  NMR),  SAXS  is often  used  in  combination  with  them.  The  technique  provides
overall  three-dimensional  structures  using  ab initio  reconstructions  and  hybrid  modeling,  and  allows
one  to quantitatively  characterize  equilibrium  mixtures  as  well  as  flexible  systems.  Recent  progress
in  SAXS  instrumentation,  most  notably,  high  brilliance  synchrotron  sources,  has  paved  the  way  for
high  throughput  automated  SAXS  studies  allowing  screening  of  external  conditions  (pH, temperature,
ligand  binding  etc.).  The  modern  approaches  for SAXS  data  analysis  are  presented  in this  review  includ-
ing  rapid  characterization  of  macromolecular  solutions  in  terms  of  low-resolution  shapes,  validation
of  high-resolution  models  in  close-to-native  conditions,  quaternary  structure  analysis  of  complexes
and  quantitative  description  of  the  oligomeric  composition  in  mixtures.  Practical  aspects  of  SAXS as
a standalone  tool  and  its  combinations  with  other  structural,  biophysical  or  bioinformatics  methods
are  reviewed.  The  capabilities  of  the  technique  are  illustrated  by  a selection  of recent  applications  for
the  studies  of  biological  molecules.  Future  perspectives  on SAXS  and  its potential  impact  to structural
molecular  biology  are  discussed.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The field of modern structural biology is dominated by a sys-
tematic approach in which the focus is set on the structural studies
of complex objects, molecular machines and processes (Gavin et al.,
2006; Abrahams et al., 2011). By structurally analyzing the interac-
tions within biological systems as well as predicting their behavior
based on the composition, the relationship between structural
mechanisms and functionality can be elucidated. For this, hybrid
methods are often applied combining various bioinformatics and
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Fig. 1. Schematic representation of a solution SAXS experiment.

experimental techniques. They cover a broad range of temporal and
spatial resolution and thus, provide a quantitative understanding
of the entire system.

Small-angle X-ray scattering (SAXS) is a universal structure
probe for a wide variety of non-crystalline objects (e.g. macro-
molecular solutions, detergents, nanocomposites, alloys, synthetic
and bio-polymers, biomaterials, organic/inorganic films etc.). SAXS
enables structural studies in a broad range of molecular sizes from
kDa to GDa and in nearly native to extreme experimental envi-
ronments (e.g. high pressure or cryo-frozen). This allows one to
simultaneously monitor the interactions in hierarchical systems
at different levels of structural organization. SAXS is also able to
operate in situ and in a time-resolved manner yielding unique infor-
mation about the kinetics and dynamics of processes.

In a typical biological SAXS experiment, a monochromatic and
collimated X-ray beam illuminates macromolecules which are ori-
ented chaotically in solution and their scattering pattern is recorded
by an X-ray detector. For dilute solutions, the scattered intensity I
is isotropic and depends only on the scattering angle 2� (Fig. 1).
Measurements of the sample containing the macromolecules are
complemented by those of the blank solvent (typically dialysis
buffer) and the latter scattering is afterwards subtracted from the
measured sample intensities. The resulting scattering profile is usu-
ally expressed as a function of the momentum transfer s = 4� sin �/�
(here, � is the wavelength) and is proportional to the scattering
from a single particle averaged over all orientations as well as to
the solute concentration.

A scattering profile from monodisperse solution of non-
interacting identical particles carries information about the major
geometrical parameters of the particle. Particularly, molecular
mass (MM) of the solute and its radius of gyration (Rg) are derived
from the slope of the Guinier plot ln(I(s)) versus s2 (which is
linear at low s) (Guinier and Fournet, 1955). In addition, the val-
ues of the hydrated particle volume (V) and its specific surface
(S) can be obtained using the so-called Porod invariant (Porod,
1982). MM  and V provide estimates of the possible oligomeric
state or, in case of complexes, may  give a hint on the (partial)
dissociation level. Here, MM is calculated by comparison of the
forward scattering of a reference sample (i.e. standard protein),
which requires precise information about the solute concentra-
tion. The use of volume, although somewhat less accurate, does not
depend on concentration (Petoukhov et al., 2012). The maximum
distance within the particle (Dmax) is also readily available from
the Fourier transformed SAXS pattern (Svergun, 1992). The fold-
ing state of the particle can be assessed utilizing the Kratky plot
(I(s)s2 versus s): a bell-shaped profile is typical for globular proteins
whereby a monotonously increasing function points to unfolded
ones (Mertens and Svergun, 2010).

In addition, to the overall parameters, one-dimensional (1D)
solution scattering profiles I(s) allow one to meaningfully analyze
three dimensional (3D) structures (Fig. 2). First of all, low resolution
particle shapes can be reconstructed ab initio (i.e. without any prior
information) from the scattering patterns. For the cases in which a
high resolution model is available, it can be validated against the
experimental SAXS data and possible conformations or oligomeric
states can be rapidly screened to identify the biologically relevant
structure. In case of mixtures and flexible systems, solution scat-
tering provides means for quantitative description of the sample
composition. For multisubunit particles, the quaternary structure
of the complex can be reconstructed based on the models of individ-
ual subunits by applying rigid body analysis. The major SAXS-based
modeling methods and some applications will are presented below.

2. Ab initio shape reconstruction

The reconstruction of a 3D model from 1D scattering pattern is
an ill-posed problem as it potentially yields multiple shapes com-
patible with one and the same scattering profile. Still, the scattering
intensity can be considered to be a particle shape’s footprint and
the ambiguity of the reconstruction can be reduced by imposing
restraints to the model. These restrictions, in the case of ab initio
shape determination, consist in representing the macromolecule
as a homogeneous and compact particle at low resolution. Such a
concept is implemented in an approach representing the particle
as an ensemble of (several thousands of) densely packed beads on
a regular grid (Chacon et al., 1998; Svergun, 1999). Each of these
beads belongs either to the particle (index = 1) or to the solvent
(index = 0) so that the shape is described by a binary configuration
vector. A widely used bead modeling algorithm implemented in
the programs DAMMIN (Svergun, 1999) and DAMMIF (Franke and
Svergun, 2009) applies simulated annealing (SA) to build a compact
interconnected configuration of beads that fits the experimental
data by minimizing discrepancy between the experimental data
Iexp(s) and a scattering profile computed from the model Icalc(s):

�2 = 1
N − 1

N∑
j=1

[
Iexp(sj) − cIcalc(sj)

�(sj)

]2

(1)

where c is a scaling factor, N is the number of points and � denotes
the experimental errors. The search can be done either in a confined
volume (DAMMIN) or on an unlimited grid (DAMMIF). In the former
case, the search volume can be defined by the maximum size of the
particle Dmax which is either deduced from the SAXS data or is taken
from complementary structural methods e.g. electron microscopy
maps. In the latter case, the available space is expanded as necessary
in the course of modeling.

For oligomeric particles consisting of identical subunits, sym-
metry can be taken into account as a rigid constraint so that
the symmetrically related beads are added/removed to the model
simultaneously. For multicomponent particles (e.g. nucleo- and
lipo-proteins or protein complexes) there is a possibility to extend
the approach to a multiphase bead modeling where the phase index
varies up to the number of components describing not only the
overall shape but also the internal organization of the composite
molecule. The prerequisite for this, however, is the availability of
the scattering profiles from the individual components (or their
combinations) so that they are fitted simultaneously with the data
of the intact particle (Svergun and Nierhaus, 2000).

Ab initio modeling is now routinely used in various SAXS-based
studies providing a very useful first glance onto the molecule at a
low resolution (about 1.5–2 nm). Moreover, the bead models can
be utilized in the complementary techniques, e.g. as starting points
for image classification in electron microscopy.
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