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ABSTRACT

Small-angle X-ray scattering (SAXS) is a biophysical method to study the overall shape and
structural transitions of biological macromolecules in solution. SAXS provides low resolution
information on the shape, conformation and assembly state of proteins, nucleic acids and various
macromolecular complexes. The technique also offers powerful means for the quantitative analysis
of flexible systems, including intrinsically disordered proteins (IDPs). Here, the basic principles of
SAXS are presented, and profits and pitfalls of the characterization of multidomain flexible proteins
and IDPs using SAXS are discussed from the practical point of view. Examples of the synergistic use
of SAXS with high resolution methods like X-ray crystallography and nuclear magnetic resonance
(NMR), as well as other experimental and in silico techniques to characterize completely, or partially
unstructured proteins, are presented.
© 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical
Societies. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

Intrinsically disordered protein

licenses/by-nc-nd/4.0/).

1. Introduction

Small angle X-ray scattering (SAXS) is a powerful method for
the structural characterization of both ordered and disordered
proteins in solution. It provides information about the sizes and
shapes of proteins and complexes in a broad range of molecular
sizes ranging from a few kDa to GDa and under various experimen-
tal conditions varying from extreme (e.g. high pressure or cryo-
frozen) to nearly native [1-3]. SAXS, especially using high intensity
synchrotron sources, is a rapid technique and time-resolved stud-
ies yield unique information about kinetics of processes and inter-
actions [4-6]. SAXS is one of the few methods that allow one to
quantitatively characterize conformational polydispersity, in
particular, of completely or partially disordered macromolecules,
including multi-domain proteins with flexible linkers and intrinsi-
cally disordered proteins (IDPs). Advances in SAXS instrumentation
in the last years allowed for high-throughput structural sample
analysis with increasing speed of both data collection and sample
characterization [7,8]. It is now possible not only to determine a
few simple geometric parameters of flexible ensembles, but also
to assess their probable configurations in solution [9,10].

It has been predicted that more than 35% of human proteins
have significant regions of disorder [11] and about 25% are likely
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to be completely disordered, i.e. lack a stable tertiary structure in
solution [12]. These proteins are functionally important for many
cellular regulatory processes, and may also be involved in patho-
logical processes associated with protein misfolding or aggregation
[13,14]. Flexible regions can serve as connectors between folded
protein domains or as docking regions for binding partners
[15-18]. Some regions lose their flexibility upon binding, others
remain flexible [19]. Under physiological conditions these proteins
constantly fluctuate between different structural states, resulting
in a dynamic mixture of conformations in a polydisperse solution.
Quantitative characterization of such heterogeneous systems is a
difficult task, and the use of SAXS often provides unique informa-
tion on the structural properties of the flexible macromolecules.
In the following, an overview of SAXS is given putting a special
emphasis on its practical applications to flexible proteins and IDPs.

1.1. Technical aspects: how does SAXS work?

The following section gives a general overview of SAXS; for
more detailed information refer to recent reviews or textbooks
[20-23]. The setup of a SAXS experiment is conceptually simple:
a solution of particles usually placed in a quartz capillary is illumi-
nated by a collimated monochromatic X-ray beam, the intensity of
the scattered X-rays is recorded by an X-ray detector (Fig. 1). The
scattering pattern of the pure solvent is collected as well and
subtracted from the sample solution scattering leaving only the
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Fig. 1. Schematic representation of a SAXS experiment.

signal from the particles of interest. The resulting scattering
pattern is related to the overall shape and size of the particles
under investigation [22,23].

Due to the random orientations of the particles in solution the
scattering pattern is isotropic, and thus, the scattering pattern
recorded usually by a two-dimensional detector can be radially
averaged. The scattering intensity I is represented as a function
of momentum transfer s=4nsin0/), where /. is the beam
wavelength and 20 is the scattering angle:

I(s) = (I(8))q = (A(S)A"(8))q (1)

here the scattering amplitude A(s) is a Fourier transform of the
excess electron density:

A(s) = Slp(r)] = [ Ap(r)explisrdr. 2)

where Ap(r) = p(r) — ps, p(r) and ps being the electron density of
the particle and of the solvent, respectively, and ( ) stands for

log I(s) Globular

A
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the spherical average. These isotropic scattering patterns are plot-
ted as radially averaged one-dimensional curves I(s) (Fig. 2A).

The advanced biological SAXS experiments are usually
conducted on synchrotron sources providing high brilliance
X-rays. All major synchrotrons like e.g. ESRF (Grenoble, France),
DESY (Hamburg, Germany), Diamond (Oxford, Great Britain), ANL
(Argonne, USA), SSRL (Stanford, USA) and Spring-8 (Himeji, Japan)
have beamlines optimized for biological SAXS experiments. Often,
good results can also be obtained with laboratory home X-ray
sources (e.g. fabricated by Rigaku or Bruker), which, although
yielding much lower flux than the synchrotrons, still have low
background allowing one to reliably measure the low angle
scattering signal. On synchrotrons the exposure times range from
fractions of a second to minutes and on home sources they can
be up to hours, whereas the amount of sample required for both
experiments is approximately the same.

In SAXS, one typically needs 10-100 pl of sample per measure-
ment, or a total of 1-2 mg of purified protein including a compul-
sory concentration series measurement (e.g. 1, 2, 5 and 10 mg/ml).

p(D) B

s?l(s
(=) Globular

Natively unfolded
Partially unfolded

214 30 r,nm

C (sRgPI(s)/1(0) D

Partially unfolded Natively unfolded

Globular

s, nm™

Fig. 2. Data simulated from three 60 kDa proteins: globular (dark blue), 50% unfolded (light blue) and fully disordered (gray). (A) Logarithmic plot of the scattering intensity I
(s) (in arbitrary units) vs. s (in inverse nanometres). (B) Distance distribution functions p(r) (in arbitrary units) vs. r (in nanometres). (C) Kratky plot s?I(s) vs. s. (D) Normalized

(or “dimensionless”) Kratky plot (ng)ZI(s)/I(O) vs. SRg.
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The sample scattering intensity is proportional to the concentra-
tion: the higher the concentration the better the signal-to-noise
ratio of the solvent-subtracted data. However at higher concentra-
tions the distances between individual particles come to the same
order of magnitude as the intra-particle distances and therefore are
contributing to the scattering pattern. A decrease of intensity at
low angles usually indicates repulsive inter-particle interactions
whereas a sharp increase of intensity points to attractive interac-
tions, which may lead to unspecific aggregation of the sample. To
minimize this contribution the low angle data measured at lower
protein concentrations are normally merged with the high angle
data from the higher concentration to yield the final composite
scattering curve. Assuming that the inter-particle interference is
linearly dependent on concentration it is also possible to extrapo-
late the scattering pattern to infinite dilution [24].

On synchrotrons the intense X-ray beam may cause radiation
damage to the samples. This is usually controlled by repeated short
exposures of the same sample solution during measurement:
comparison of the resulting scattering patterns quickly detects
differences due to radiation damage. Various means are further
used to limit the radiation damage: flowing of the sample during
data collection, attenuation of the beam, solution additives like
glycerol [25]. For a meaningful analysis of the overall shape but
also of the flexibility of a given protein, solutions containing single
molecular species without aggregates, i.e. monodisperse solutions,
are usually required. Typically, monodispersity better than 95% is
required for successful structural analysis, which must be verified
by methods like native gel filtration, dynamic light scattering
(DLS), or analytical ultracentrifugation (AUC).

1.2. What information is provided by SAXS?

Several characteristic parameters of the investigated sample can
be obtained directly from the experimental scattering pattern
including molecular weight, excluded particle volume, maximum
dimension Dp,x and the radius of gyration R,. For monodisperse
systems, where all particles in solution are identical and the
experimental intensity is given by the spherical average of the sin-
gle particle scattering following Egs. (1) and (2), these parameters
directly reflect the overall characteristics of the particle. For poly-
disperse systems, the average is also performed over the types of
particles present in solution, and therefore the experimentally
determined values do not correspond to a single particle, but rather
to an average over the entire ensemble. Still, even for polydisperse
systems the overall parameters can provide useful information
about the particle sizes and structural properties. As we shall see
below, for flexible objects, the analysis of the distributions of the
overall parameters like R, reconstructed from the scattering data,
is a useful tool for a quantitatively characterization of flexibility.

The classical and the most known parameter directly extracted
from the SAXS data, R, provides a measure of the overall size of the
macromolecule. The Rg is the average root-mean- square distanced
to the centre of density in the molecule weighted by the scattering
length density. R is smaller for proteins with a compact shape as
compared to extended proteins with identical number of amino
acids. It can be estimated using the Guinier approximation [26],
which states that for very small angles (s<1/R;) the intensity
depends only on two parameters: I(s) = I(0) exp(s®RZ/—3). Practi-
cally, this means that the scattering intensity plotted as In I(s) vs.
s% should be a linear function for a particle of any shape. From
the slope of the linear fit one can determine the R; and the inter-
cept gives the forward scattering I(0), which is proportional to
the molecular weight and the concentration of the protein. For
the scattering patterns having a limited number of experimental
data points the accuracy of the Guinier fit can be improved by
extending the range of the linear fit up to s <1.3/R,. Attractive

interactions between particles and nonspecific aggregation result
in overestimation of both Ry and I(0), whereas repulsive interac-
tions lead to an underestimation of Ry and I(0). Typically these
effects can be removed by measurements of a series of SAXS curves
at different concentrations and extrapolation to infinite dilution as
described above.In some cases, Debye’s approximation can be
used:
%:é(x—lJre”‘) 3)
where x=(ng)2 [27]. This representation may be advantageous
over the Guinier fit as the validity of Debye’s approximation extends
to larger momentum transfer ranges, but the applicability of the
latter approximation is limited to extended polymer-line chains.
In real space, the particle sample can be conveniently described
by the distance distribution function p(r) which is a histogram of
distances between all possible pairs of atoms within a particle.
The scattering pattern of a particle I(s) is a Fourier transform of
its p(r) function and vice versa, being related to each other by
the equation:

r? /”C‘ s?I(s) sin (sr) ds
0

P =5 - (4)
By definition the distance distribution function equals zero at p(0),
is non-negative, terminates smoothly at the maximum dimension
Dpnax and is zero for r > Dy,,ax. The p(r) function can be obtained from
the experimental scattering data using indirect Fourier transforma-
tion [28,29]. In some cases it is more intuitive to interpret the struc-
tural properties analysing the p(r) rather than the scattering data
itself. In particular, globular compact particles have a symmetric
bell-shaped p(r), whereas unfolded particles have an extended tail
(Fig. 2B). The radius of gyration can be calculated from the p(r) func-
tion using the equation:

RZM

£ 2 [P plrdr o

which often yields a more reliable estimate compared to the Guinier
approximation, in particular for unstructured systems [30]. The
maximum dimension D,y is not only an important characteristic
of the particle under investigation but also sets an important
limitation on the used data range: Smin < /Dmax- This means that
more extended particles require the experimental data collected
at smaller angles, i.e. closer to the primary beam.

2. SAXS detects protein flexibility

The SAXS data on their own do provide several indicators of the
presence of protein flexibility, which are listed below.

Traditionally, the Kratky plot (s%I(s) as a function of s, Fig. 2C) is
employed to qualitatively identify disordered states and to distin-
guish them from globular proteins. The Kratky representation is
able to visualize particular features of the scattering profiles for
an easier identification of the folding state and flexibility [12,31].
The scattering intensity from a solid body decays at high angles
approximately as I(s) ~ 1/s* conferring a bell-shaped Kratky plot
with a well-defined maximum. Conversely, an ideal Gaussian chain
has a 1/s? asymptotic of I(s) and therefore presents a plateau at
large s values. In the case of an extended thin chain, the Kratky plot
also presents a plateau over a specific range of s, which is followed
by a monotonic increase. The latter case is normally observed
experimentally for unfolded proteins; chemical or thermal unfold-
ing experiments monitored by SAXS are good examples on how the
decrease in protein compactness is translated into the Kratky plots
[30]. In order to compare the folding states of different proteins it
is convenient to normalize the data such that I(0)=1 and to
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multiply s by Rg prior to plotting. This way the information about
the size of the protein is removed but the information about the
shape is kept. The Kratky plot of such normalized data is called
dimensionless Kratky plot (Fig. 2D).

Unstructured proteins, due to the presence of highly extended
conformations, are characterized by large average sizes compared
to globular proteins with a tightly packed core. The comparison
of the experimentally measured Ry and Dy« with these predicted
by theoretical models is used to diagnose the unstructured nature
of a protein.

An important metric holding for the unstructured proteins is
given by Flory’s equation describing how the radius of gyration
an unfolded protein correlates to its length [32]

Ry = RoN', (6)

here N is the number of amino acid residues, for chemically
denatured proteins Ry is 1.33 £0.076 and v is 0.598 +£0.028 [1].
The agreement between the v value obtained experimentally and
the theoretical models suggest the random coil nature of the chem-
ically denatured proteins, at least in terms of the R, parameter.
However, the conformational sampling of a chemically denatured
state differs from that found for IDPs in the native state: for intrin-
sically disordered proteins Rq is 2.54+0.01 and v is 0.522 +0.01
[33] indicating that IDPs are in general more compact than
chemically denatured proteins.

3. SAXS of flexible and intrinsically disordered proteins: what is
different?

Flexible systems are, strictly speaking, polydisperse systems,
where the solution contains different types of particles. In general,
polydispersity makes the analysis of the particle structure by SAXS
difficult or impossible, because, contrary to monodisperse systems,
the measured intensity is no longer related to the scattering from a
single particle. Instead, each individual protein structure present in
the investigated sample adds to the scattering pattern, resulting in
an averaged intensity. Given K distinct particle types (components)
in a mixture, SAXS intensity is a linear combination of their
contributions:

K
I(s) =Y _vidk(s), (7)
k=1

where v, and Ii(s) are the volume fraction and the scattering inten-
sity from the k-th component, respectively.

Perhaps the worst case of a polydisperse system in practical
applications is unspecific aggregation, which often prevents mean-
ingful analysis of the SAXS data. However, SAXS is extremely useful
for the studies of specific aggregates (oligomers) and equilibrium
systems like oligomeric protein mixtures. Here, the number of
components is relatively low (e.g. two components for a mono-
mer-dimer equilibrium) and their computed scattering patterns
are often available from the high resolution structures or models,
such that SAXS can provide the volume fractions of the compo-
nents by solving Eq. (7) with respect to unknown vy [34].

Both IDPs and modular multi-domain proteins with flexible
linkers can be described as mixtures of different conformations
of the same macromolecule, and their scattering is therefore
described by Eq. (7). However, these mixtures contain very large
numbers of configurations (K> 1), so that plain decomposition,
as in the case of oligomeric mixtures, is not feasible.

3.1. Shape reconstruction and modelling

SAXS allows for ab initio and rigid body modelling: It is possible
to build a low resolution model either without any a priori

information or by using higher resolution structures from comple-
mentary methods such as X-ray crystallography and NMR, and to
validate this model against the SAXS data [22]. In case of interpret-
ing the data from a monodisperse solution the theoretical
scattering pattern computed from a single model should fit the
experimental data. Classical rigid body modelling approaches uti-
lize the scattering from the domains/subunits and may even
account for the missing, potentially flexible loops or linkers [35],
but these methods always search for a single configuration fitting
the experimental data. Clearly, a disordered protein cannot be rep-
resented by a single model and alternative modelling approaches
are required. In case of a flexible or intrinsically disordered protein
we can construct a multitude of models representing different
states of the protein in solution and compute the scattering from
a mixture of such models.

The first step in this approach, adequate generation of a mani-
fold of models exploring the possible conformational space of IPDs,
requires dedicated computational tools. The program Flexible-
Meccano (FM) assembles peptide units, considered as rigid entities,
in a consecutive way [36]. This algorithm models the residue-
specific Ramachandran space of the amino acids and roughly their
side-chains. It has been tested on a large number of IDPs and has
successfully described several NMR observations and SAXS data
[37]. Another FM application example is the biophysical character-
ization of the transactivation domain of p53 [38]. Importantly, the
same structural model was able to simultaneously describe the
NMR results, which mainly report on the conformational (local)
properties, and the SAXS curves that report on size and shape,
(global) characteristics, of the proteins. This underlines the synergy
between SAXS and NMR, as will be discussed in the section
“Complementary methods”.

3.2. Ensemble approach

Proteins feature a large spectrum of motional modes encom-
passing fast fluctuations around the average globular structure,
slow large-scale molecular reorganizations, and the inherent
disorder observed in IDPs. The development of realistic ensemble
models of unstructured states of proteins has been an important
subject of research for many years [39]. In recent years, this chal-
lenge has been addressed by ensembles of reliable conformations
guided by experimental data that represent average values for
the complete ensemble of conformations [40]. For SAXS applica-
tions several approaches have been developed to characterize pro-
tein mobility: The Ensemble Optimization Method (EOM) [41,42],
the Minimal Ensemble Search (MES) [43], Basis-Set Supported
SAXS (BSS-SAXS) [44], the Ensemble Refinement of SAXS (EROS)
[45]. These methods are based on a common strategy containing
two consecutive steps: (i) Computational generation of a large
amount (thousands) of static random models of various possible
conformations of a given protein, and (ii) selection of a
sub-ensemble of conformations that together describe the
experimental profile utilizing Eq. (7). The implementations and
the optimization methods to select the ensemble may vary for
different methods; here, the EOM approach is presented, which is
the first ensemble analysis tool developed for SAXS, and it is well
suited for the structural characterization of IDPs.

In the EOM, the experimental SAXS profile of a given flexible
protein is assumed to derive from an (undetermined a priori)
number of coexisting conformational states following Eq. (7). A
sub-ensemble of 10-50 conformations is selected by a genetic
algorithm from a large pool of scattering patterns (typically ten
thousand different conformers, the scattering curves from each
conformer being pre-computed using the program CRYSOL [46]).
The scattering data from each ensemble is calculated by summing
up the individual scattering patterns of each conformation, where
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it is assumed that all conformers equally populate the subset. The
sub-ensemble with the best agreement to the experimental data is
collected for further structural analysis. Of course, an ensemble of
10-50 structures is far too small to explain the conformational
behaviour of a flexible protein in solution but these subpopulations
are usually sufficient to describe the global properties of the
protein in terms of size and shape (i.e. Rg, Dmax and anisometry),
see Fig. 3.

The initial pool may not just consist of random models of single-
chain unstructured proteins, and it is possible to follow for various
scenarios accounting for the available a priori information. The
generated models may include folded regions or domains or even
nucleic acids if needed; for oligomeric structures, asymmetric or
symmetric multimers can be generated. The latter approach was
employed in the study of a flexible protein gephyrin which consists
of two folded domains (of which one forms a trimer) connected by
a 150 amino acid residues linker [48]. The possibility of combining
multiple independent pools further expands the range of applica-
bility of EOM: in a recent study of a full-length mitochondrial
glutaminase C [49], pools consisting of dimers, trimers and octa-
mers were combined to explain how disordered regions influence
enzymatic activity and the oligomeric state.

3.3. Model validation

Importantly, SAXS provides the means for an a posteriori
validation of the assumptions under which the flexible model is
constructed. Using e.g. EOM as described above a model of flexibil-
ity is assumed in the pool generation, and the pool may or may not
lead to an adequate fit to the experimental data. If the flexible
model fits the data the properties of this model can be further anal-
ysed to make conclusions about the flexibility. If it does not fit then
the data cannot be described by the model, for example because
the model is not sufficiently flexible or the size/oligomeric state
of the protein in question is incorrect. In this case, alternative
assumptions about the system and/or its flexibility are required.

The quality of in silico models of IDP structures is directly corre-
lated to their ability to reproduce the experimental data from
disordered proteins. Several types of models with different levels
of structural resolution have been compared to radii of gyration
for denatured proteins [10,50-56]. In these studies a remarkable
agreement with the experimental data was obtained. However,

log I(s) Z ~

o
T

N-terminus

for most of the models an exclusion or solvation term had to be
included, or the conformational sampling at residue level was
required.

3.4. Detection of structural transitions in IDPs upon changing
environments

IDPs are often involved in cellular signalling processes, since
they structurally adapt to changes in their environment within
the cell in order to bind or release binding partners. SAXS is a
well-suited tool to rapidly monitor large-scale structural transi-
tions in proteins upon such environmental changes. These global
alterations influence the apparent Rg, Dmax, and the appearance
of the Kratky plots. Several studies have been reported to monitor
structural transition upon changes in temperature [57,58], pH [59],
ionic strength [60], presence of specific ions [61,62], additives
[63,64], reducing agents [65,66], and post-translational modifica-
tions such as phosphorylation [53,67], sumoylation [68], and gly-
cosilation [69]. Also, the effect of point mutations on the overall
shape of proteins has been explored by SAXS [70,71].

An excellent example of a protein studied by SAXS under differ-
ent environmental conditions is given by the analysis of prothy-
mosin o at nearly neutral pH 7.5, and at acidic pH 2.5 [72]. The
protein is predicted to have a global charge of -54 at neutral pH.
Although the Kratky plots indicated that the protein was unstruc-
tured at both pH values, a dramatic Ry reduction by 10A was
observed upon pH decrease. Interestingly, a similar level of com-
paction was observed upon the addition of zinc ions at neutral
pH [73]. These changes in protein size can be explained by a
reduced electrostatic repulsion within the chain at low pH, or by
bound cations.

Two other interesting studies investigated the effect of temper-
ature on the IDP structure where SAXS has been combined with
other biophysical tools. Kjaergaard et al. [73] found a decreased
compactness as shown in the R; values of two IDPs, human
NHE1 and ACTR, with increasing temperature from 5 to 45 °C. CD
and NMR experiments in the same experimental conditions
demonstrated that transient o-helices partially unfold upon
increasing temperature. The effect of temperature on the structure
of the protein Tau has been studied by Shkumatov et al. [74]. SAXS
data on wild-type Tau and a mutant that mimics a phosphorylated
state have shown no differences at 10 or 50 °C. However, after a

relative frequency

0 1 2 3

s, nm? 1.8 2.0 2.2 24 Rg, nm

Fig. 3. Left: The theoretical scattering curve obtained for an ensemble of BR;g7_335 monomer models (red) fits the SAXS profile of BR;g7_3g5 (blue dots with error bars) with a
¥*-value of 0.58, SASBDB: SASDAR3. The radius of gyration obtained from the Guinier approximation was 2.27 + 0.12 nm. Inset: Structural representations of the 18 models
from the ensemble obtained by EOM analysis indicate high flexibility of the N-terminus (25 residues) and C-terminus (10 residues), which are drawn as thin lines in violet and
green, respectively. The flexible terminal regions extend from the globular structure of BRys7-335 (170 residues), which is displayed as white molecular surface. Right: The
initial pool of 10,000 models with random configurations for the N and C-termini extending the rigid domain of BR;s7-355 has a broad distribution of R; values with a peak
maximum at 2.0 nm (grey bars). The selected ensemble is clearly biased towards extended structures with a mean Ry value of 2.2 nm (blue bars). © Schulte et al. [47].
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fast temperature shift, from 10 to 50 °C or vice versa, the Rg values
were notably smaller than in equilibrium. This observation indi-
cated an increased compactness of Tau and its mutant that was
corroborated by DLS experiments. Interestingly, the structural
compaction was preserved for several hours after the temperature
shift until it reached the conformational equilibrium. The authors
speculate that this intriguing effect might be due to a structural
memory of the protein related to the more compact nature of
hyperphosphorylated Tau involved in Alzheimer’s disease.

3.5. SAXS for the detection of IDP biomolecular interactions

IDPs play crucial roles in the cellular process regulation as bind-
ing partners for many regulatory switches (including proteins and
nucleic acids). These interactions can be investigated by SAXS and
complementary methods which is highlighted by two application
examples.

The complex of Msh2 and Msh6 recognizes mismatched bases
in DNA during mismatch repair. Shell et al. showed that the
intrinsically disordered N-terminal region of Msh6 binds PCNA, a
homotrimeric protein that controls the progress of DNA poly-
merases [21]. However, comparison of the R,, Kratky plots and p
(r) functions of the isolated proteins and the complex showed that
upon PCNA binding Msh6 remains mainly disordered and prote-
olytically accessible. Next, the authors investigated the interaction
of the Msh2-Msh6 complex with PCNA by SAXS. This complex
could be described as a highly flexible dumbbell where both
globular domains are tethered by the N-terminal Msh6 fragment
that acts as a molecular leash. A biologically active deletion mutant
of Msh6 with a notably shorter N-terminal tail confirmed
important size changes upon binding which was easily monitored
by the p(r) and Dy« derived from the SAXS profiles.

The tumour suppressor p53 is a multifunctional protein that
plays a crucial role in processes like apoptosis and DNA repair.
P53 is a homotetramer containing unstructured regions that
represent 37% of the whole sequence and can thus be considered
as a highly flexible protein. Rigid-body modelling of p53 SAXS data
suggests that the protein is an open cross-like tetramer, which
collapses to tightly embrace DNA upon complex formation [66].
Interestingly, the SAXS model of the nucleoprotein without the
disordered N-terminal transactivation domains excellently fits an
independent electron microscopy map of the same complex. A
higher resolution model of the isolated disordered transactivation
domain and together with the full-length protein upon complexa-
tion was obtained by the joint use of SAXS with NMR data [38].

4. Complementary techniques

Conformational variation is a general characteristic of different
types of proteins. This implies that biologically meaningful struc-
tural analyses should comprise investigation of both flexibility, as
seen by SAXS, and detail, as determined by X-ray crystallography
and NMR. For the study of intrinsically disordered and flexible
proteins several techniques provide valuable complementary
information to SAXS:

(i) In silico analysis of the primary sequence may predict struc-
tural disorder, since disordered regions feature more specific
disorder-promoting amino acids, such as glycine, proline
and charged residues, while lacking order-promoting,
mostly hydrophobic, amino acids [75,76].

(ii) Protein X-ray crystallography on folded subdomains in
flexible and intrinsically disordered proteins yields building
blocks for the SAXS modelling. The combination of SAXS and
protein crystallography is of particular help, since SAXS may

shed light on the regions that are invisible in the electron
density maps. In a recent study from Schulte et al. [47] the
crystal structure of the KRT10-binding region domain of
the pneumococcal serine-rich repeat protein (PsrP)was
determined. It was demonstrated that 30 terminal residues
(out of 200) missing from the crystal structure are flexible
and the experimental SAXS data could be fitted only with
an ensemble of extended models.

(iii) SAXS and solution nuclear magnetic resonance (NMR) is a
very effective combination to analyse the structure of
multi-domain proteins [77] and biomolecular complexes
[78,79]. In particular, the program ENSEMBLE derives
ensembles of IDPs that collectively describe SAXS curves in
addition of several NMR observables [80,81]. The EOM
approach of SAXS can also be synergistically combined with
NMR, since SAXS provides information about the relative
interdomain position in flexible multidomain proteins,
whereas NMR parameters such as residual dipolar couplings
(RDC) and pseudo-contact shifts (PCS) are sensitive to the
relative orientation of the domains [32].

(iv) Other complementary techniques include circular dichroism
(CD), fluorescence spectroscopy, and hydrodynamic tech-
niques: size exclusion chromatography (SEC), AUC, DLS.
Since the pioneering study of prothymosin o [83], several
IDPs have been biophysically characterized in combination
with scattering techniques, including viral proteins [84], or
partially folded proteins [9,36,58,64,67,68,70,85-91]. In all
these cases, SAXS data revealed rather large Ry values and
expanded p(r) functions were obtained with the D, values
much larger than those for folded particles. Also, in the case
of partially folded proteins, the Kratky plots featured a dual
behaviour with a clear maximum, corresponding to the
folded part of the protein, and a continuous rise at higher
angles due to the presence of disordered regions, which indi-
cate highly flexible regions attached to globular domains.
The overall appearance of the Kratky plots is expectedly
defined by the proportion of the amino acids belonging to
the structurally stable domains and to the unstructured
domains. Using synthetic data it was shown that decreased
structural features in SAXS profiles in combination with a
single broad maximum in the Kratky plot indicate loosening
of the structure, when moving from static scenarios to
highly dynamic ones [92]. These observations are in agree-
ment with several experimental studies of multi-domain
proteins [58,93].

5. Conclusions and perspectives

Flexible molecules like IDPs are very difficult objects to be stud-
ied by high resolution methods. SAXS, a rapid method applicable
under a broad variety of experimental conditions, is a valuable tool
to characterize the low resolution structure of various flexible sys-
tems in solution. In the past, only average parameters like radius of
gyration were extracted from the SAXS data of IDPs, accompanied
by qualitative assessment of disorder by the Kratky plots. Although
useful information was provided even with this basic analyses,
novel approaches exploring the configurational space of flexible
systems and explicitly allowing for a co-existence of multiple con-
formers in solution, pawed the way for a much more comprehen-
sive use of SAXS. As demonstrated in the above examples, the
concept of ensemble analysis makes SAXS an even more effective
tool for the characterization of structure and dynamics of IDPs in
solution. Especially useful is the joint application of SAXS with
molecular dynamics simulations and also with other techniques
providing local structural information, like NMR, CD, FRET or, when
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applicable, protein crystallography on the folded domains. Impor-
tantly, the SAXS results including ensembles for flexible systems
can now be deposited in publically available databases like SASBDB
[94] or PED [95]. This opens the way for a more active dissemina-
tion of the results and for the use of SAXS-generated data and
models by a broad biological community.

6. Summary points

e The overall parameters of proteins in solution, such as the
radius of gyration, volume, molecular mass, and folding state,
can be directly computed from SAXS data.

e SAXS can provide quantitative structural information about
flexible, unfolded and intrinsically disordered proteins (IDPs).

e SAXS can be synergistically combined with complementary
techniques such as in silico sequence data, X-ray crystallography
and, in particular for flexible systems, NMR.

e Advances in SAXS instrumentation in the last years allow for
high-throughput structural sample analysis with increasing
speed of both data collection and sample characterization.
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