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Abstract: In the field of structural biology, Small Angle X-ray Scattering (SAXS) has undergone a
tremendous evolution in the last two decades. From a craft reserved to a few experts in the late 80’s, it
has now turned into a high-throughput technique, following the same trend as macromolecular crystal-
lography. Synchrotron radiation has played a key role in this evolution, by providing intense X-ray
beams of high optical quality that made possible the recording of statistically meaningful data from
weakly scattering biological solutions in a reasonable time. This, in turn, prompted the development of
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powerful and specific software for data analysis and modeling. In this mini-review, mainly addressed

towards a broad readership, representing as many potential users, we try to summarize the latest aspects of evolution of
BioSAXS, both conceptually and from the point of view of instrumentation. We emphasize the need for complementary
experimental or computational techniques used in combination with SAXS. The great potential of these multi-pronged ap-
proaches is illustrated by a series of very recent studies covering the various ways and means of using BioSAXS.
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1. INTRODUCTION

Small Angle X-ray Scattering (SAXS) is a simple and
powerful technique that directly provides structural informa-
tion at scales ranging typically from 1 nm to 1 pm. Discov-
ered as a side-effect of diffraction patterns in the late 30’s, its
theory and instrumentation were developed during the fol-
lowing decades with scientific focus in the fields of material
science and soft condensed matter [1-3]. The physical prin-
ciple is the same as that of X-ray crystallography, based on
elastic scattering of an incoming X-ray wave by the electrons
of the sample. The output is a scattering pattern most fre-
quently collected using a bi-dimensional detector positioned
behind the sample and perpendicular to the incoming beam.
The symmetry of the scattering pattern directly depends on
the internal symmetry of the sample, e.g. an isotropic liquid
sample gives rise to a scattering pattern with circular symme-
try. The collected intensity is proportional to N, the number
of objects within the sample. It directly results from their
size, shape and internal structure, through the Fourier Trans-
formation modulus of their electronic density, given here for
an isotropic sample:
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where the triple integral is performed within the volume V,
of each particle and the average performed over all possible
orientations Q. r, is the classical electron radius, p,(#) is the
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electronic density at position 7 within the particle, py is the
average electronic density of the surrounding buffer (or ma-
trix), g = ‘“’%"(9) is the momentum transfer, 26 is the scat-

tering angle, typically below a few degrees, and A is the X-
ray wavelength. The rotational average severely limits the
structural information content of the scattering pattern ob-
tained in a SAXS experiment. Application of SAXS to biol-
ogy remained a lesser known and marginal area of structural
biology before the 90’s when the introduction of software
programs that could relate the atomic structure of a macro-
molecule to a SAXS experimental pattern with unprece-
dented ease and accuracy [4] together with the availability
of powerful synchrotron beams [5] triggered a considerable
and continuing development. BioSAXS possesses its own
procedures in data treatment and analysis, rather different
from those of conventional SAXS, due to the fact that solu-
tions of biological macromolecules and complexes contain
strictly identical particles in contrast to the size distribution
inherent to synthetic materials. As testified by the large
number of recent reviews [6-10], it has evolved into an ex-
tremely popular method amongst structural biologists, as a
strongly advisable complement to high resolution studies,
e.g. crystallography, NMR, electron microscopy (see [11] for
a thorough, up-to-date, comprehensive report on BioSAXS).
Besides being a strong experimental constraint for high-
resolution modeling in solution, BioSAXS can provide direct
information about the size and shape of macromolecules in
solution with no need for any model. Radius of gyration, Ry,
molecular mass, M, and intramolecular pair-distribution
function, P(r) (i.e. the distribution of all distances between
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Figure 1. SAXS curves from a selection of different protein structures.
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a: A 3D representation of the selected proteins, whose structures fit the BioSAXS data; NpAS [18] (PDB ID 1G5A); DgAS [18] (PDB ID
3UER); BCDA3 (unpublished construct, based on actin [19] PDB ID2ZWH); Topoisomerase [20] (PDB ID 2ZBK); P67 [21]; IB5 [22].

b: The usual representation of a SAXS pattern, I(q) vs q in log scale, normalised to 1 at q=0.

¢: The Guinier Plot, I(q) vs q° in log scale, displays a negative linear slope at small q values directly proportional to Rgz.

d: The dimensionless Kratky Plot, I(q)/I(O)X(qXRg)2 vs qxRy, is extremely useful to distinguish between different degrees of folding. Proteins
containing folded domains display a bell shaped curve, whith a maximum of about 1.1 at around q.Rg=1.75. With increasing elongation and
degree of unfolding, the curve maximum shifts to the upper right and the slope of the right side of the curve increases.

e: The distance distribution function, P(r), directly derived from the previous curves using programs such as Gnom [23], and normalized to
1(0). The maximum extension, Dy, of the P(r) corresponds to the maximum spatial extension of the protein. An asymetric P(r), with a sharp
peak at small r-values that extends far towards the high r-values is usually representative of an elongated protein, as is the case for BCDA3,
P67 and IBS. Local maxima in the P(r) reflect the existence of well separated domains in the protein, as is the case for Topoisomerase.

any pair of points within the particle), can be directly derived
from the experimental data, using the Guinier equation
2 2

I(q) = 1(0)9"%9“ at very small angles, semi-empirical cal-
culations of the Porod volume or the correlation volume, and
indirect Fourier Transformation, respectively. Beginners may
find a very clear hands-on introduction to all these notions in
the paper by Jacques et al. [12], together with a series of
pitfalls to avoid in the data analysis. More advanced intro-
ductions to BioSAXS can be found in [13-15]. In comple-
ment to the above-mentioned structural outputs, the dimen-
sionless Kratky-Porod plot is an additional tool to derive
qualitative information about the degree of compactness of a
protein [16,17]. Figure 1 presents the typical output from a
BioSAXS acquisition and the main ways to obtain immedi-
ate structural information.

2. STRUCTURAL OUTPUT FROM BIOSAXS

As already hinted to in the introduction, the structural
information content of a scattering curve is very limited.
This explains why it is necessary to use each available piece

of information for data interpretation and modeling and/or to
complement SAXS with other approaches. This is why the
program Crysol [4] (1995) marked a turning point in the
field as it opened the way to what are now known as hybrid
methods in which the available high resolution structures of
domains (case of a multi-domain protein) or isolated partners
(case of a complex) together with all kinds of local informa-
tion are harnessed to the interpretation of the SAXS data.
The problem addressed by Crysol is recapitulated in Equa-
tion 2 that expresses the intensity scattered by identical, non-
interacting macromolecules in solution as a function of their
intramolecular atomic distances:

sm(qdu)

I1(q) = N2 {ZN“ ZN“ Afi()Afi(q) + hyj (q)} )

where the double sum is the Debye equatlon, h(q).is the hy-
dration layer contribution, dj is the distance between any
pair of atoms (i,)), Af; (¢) = fi(q) - g{q) is the atomic contrast
form factor, fi(g) is the (known) atomic form factor and gi(¢)
is the (empirical) excluded volume form factor. Although
Equation 2 is definitely accepted, there has been intense de-
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bate about the appropriate derivation of the contrast and hy-
dration layer contributions, gi(g) and h;(g), both of which
have traditionally included a coefficient used as a fitting pa-
rameter. This was actually the case of Crysol, which de-
scribed hydration water as a continuous, homogeneous, 3 A-
thick layer of water with a different electron density than
bulk water. This is also true for FoXS that adjusts the scatter-
ing factor of surface atoms as a function of their exposure to
solvent [24] (http://modbase.compbio.ucsf.edu/foxs/). A new
and very promising approach has been proposed a few years
ago to avoid these uncertainties by exploiting all-atom mo-
lecular dynamics calculations of the macromolecule together
with explicit surrounding buffer molecules. This sustained
effort by several groups has recently culminated in a pro-
gram made publicly available on a dedicated website (see
[25] and references therein, http://waxsis.uni-goettingen.de/).
Confirmation of the robustness of this protocol in the coming
years will certainly help to put BioSAXS on even firmer
grounds.

In view of the limited resolution of the SAXS data, all
modeling algorithms preserve the detailed structure of indi-
vidual domains or partners in a complex. The program SAS-
REF from the ATSAS package that can simultaneously fit
the ensemble of scattering patterns of partial complexes if
available, uses three rotation and three translation parameters
to describe the rigid body movements of each subunit [26].
The implicit assumption is that there is no significant con-
formational change of subunits between the isolated state, in
a partial complex and within the full complex under study. In
the case of multi-domain proteins comprising well-structured
domains linked by unknown, possibly flexible linkers, the
latter may be described as chains of Dummy Residues (DR) -
spherical scattering element centered at the Ca position and
possessing the scattering factor of an average residue- as
implemented in the program BUNCH from the ATSAS
package [26]. More recently, the program CORAL [27] was
developed that handles several chains as does SASREF
while being able to describe missing parts as does BUNCH.
The approximation involved in the use of DRs can be par-
tially overcome by subsequent replacement of DRs by a full
atom description using the routine PD2 [28] before final cal-
culation of the scattering pattern of the substituted model.
Other programs such as AllosModFoXS [29] (from the IMP
package, http://modbase.compbio.ucsf.edu/allosmod-foxs/),
Bilbo-MD [30] (http://bl1231.als.Ibl.gov/bilbomd), Dadi-
modo [31], SASSIE [32] and Xplor-NIH [33] directly work
on an all-atom description at all stages of the model “refine-
ment”. At the cost of a larger computing time, the main ad-
vantage of such approaches is two-fold: first, the accurate
description of the residues justifies fitting the curve to higher
g-values, thus allowing a full use of the experimental data;
second, a plausible stereochemistry of the unknown residues
is permanently maintained by the use of a molecular dynam-
ics force field.

In the case where no high resolution information is avail-
able, other approaches, the so-called ab initio methods, have
been developed. Here, the particle is described as a compact
ensemble of identical spheres, termed dummy atoms (DA),
the scattering of which is as close as possible to the experi-
mental curve. Since all spheres are identical, their assembly
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yields a uniform volume that only accounts for the shape of
the object without any inner density inhomogeneity. This
approximation only holds true at very low resolution. This
algorithm has been implemented in the program DAMMIN
[34] and its recent, much faster version DAMMIF [35]. The
program DENFERT uses a similar approach but also in-
cludes explicitly the hydration layer modeled as DA’s of a
different density [36]. A multiphase version of DAMMIN in
which each homogeneous phase is attributed its own electron
density contrast has been implemented in the program
MONSA [27], an example of which is presented below in the
section dedicated to the study of complexes. Finally, the pro-
gram GASBOR uses another description of a protein as a
chain of N dummy residues where N is the number of amino-
acid residues [37]. In all cases, these heuristic, Monte-Carlo
based modeling approaches require performing tens of runs
before analysis of the ensemble of models extracts the com-
mon properties to all models from meaningless details of
each individual shape. Models derived using GASBOR and
MONSA are shown in the case of complex structures pre-
sented below. In both cases, however, the biological rele-
vance entirely relies on the accompanying hybrid model.

We wish to conclude this section with a word of caution
regarding a frequent use of ab initio models where atomic
models are superimposed into the resulting volume, probably
inspired by a classical approach in the apparently similar
situation of low resolution electron microscopy. However the
similarity between the electron density map from EM and the
SAXS derived shape (or DR model) is only apparent. Many
EM images and extensive processing yield one model reca-
pitulating all the available structural information. In contrast,
from a unique, well-defined SAXS pattern, many shapes,
each of them fitting the experimental curve equally well, can
be recovered. In favorable cases, they can be grouped in a
unique family but, often, several clusters can be defined in
the solution space. The superimposition of individual domain
or partner structures into the complex volume is thus far
from being unambiguous and is therefore of limited informa-
tive value, with a clear risk of producing erroneous arrange-
ments. At the very least, the scattering pattern of the result-
ing arrangement of domains should be calculated and com-
pared with the experimental data for validation. In spite of
this obvious shortcoming, it is widely used, probably due to
its direct appeal to the reader and its simplicity of use. Much
to be preferred is the use of hybrid methods, i.e. directly fit-
ting the scattering curve.

3. INSTRUMENTATION

A list of synchrotron beamlines where an important part
of beam time and conception efforts are devoted to biologi-
cal solution SAXS has been recently reported [8]. Weakly
concentrated biological samples (e.g. from 0.1 to 10 mg/ml)
mostly require a high flux and parallel beam, and a low
background detector. Without doubt, the most important
technological improvement in recent years came from the
new generation of hybrid pixel X-ray detectors, that have
enhanced the signal to noise ratio dramatically with very low
dark count rates [38,39]. Practically, such detectors have
reduced by at least an order of magnitude the lowest concen-
tration compatible with useful data recording. Operating the
detector in vacuum also helps to reduce X-ray absorption
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[40,41] and makes it very easy to change the sample-to-
detector distance. Absorption by air and parasitic scattering
arising from slits, on-path windows and sample holders need
also to be reduced to a minimum for weakly scattering sam-
ples. Measurement cells have been designed to operate in
vacuum [40-43]. When the sample holder is in air, the mate-
rial of the X-ray windows closing the in-vacuum flight tubes
must be optimized to reduce parasitic scattering while main-
taining a strong resistance to differential pressure [44-46].
The material and the geometry of the blades that are used to
collimate and “shape” the main beam have also been consid-
erably improved [47]. On the Australian SAXS beamline,
hybrid germanium single crystals in the anti-scatter and
guard slits combined with a small active beam-stop have
proved to considerably enhance the reproducibility and qual-
ity of the alignment [45].

Hardware improvements have also been made during the
last decade to increase the rate of sample turnover [48-51].
Thanks to dedicated sample-changer robots, the typical time
between two sample injections has been drastically reduced
down to between 1 to 5 minutes, with small amounts of sam-
ple injected (between 10 and 50 pl), and including a cleaning
sequence. Automation clearly reduces human errors and al-
lows for many conditions to be tested rapidly. The high-
throughput strategy is of course optimally beneficial when
pure and monodispersed samples are used, but also provides
one with the opportunity of evaluating non-optimized sam-
ples. Combination of SAXS with on-line Size-Exclusion
Chromatography (SEC) is an alternative strategy, now also
installed at many beamlines (Figure 2). With a single sample
injection, a buffer curve whose composition is necessarily
identical to that of the sample is obtained together with a
series of sample curves at different concentrations. The pos-
sible presence of aggregates, one of the main problems in
BioSAXS, potentially giving rise to wrong interpretations, is
not an issue anymore, since these are kinetically separated
from the sample of interest by the SEC elution process.
Strong complexes can be separated from their individual
partners, and even weak complexes can be analyzed, pro-
vided the equilibrium is shifted towards complex formation
by adding an appropriate amount of one of the partners in the
elution buffer composition [52]. Using small and performant
SEC columns, with smaller size beads resulting in higher
flow rates and better resolutions, elution times have been
considerably reduced. Acquisitions every 20 min are now
common at the SWING beamline by alternating between two
separated elution circuits. SEC-SAXS in turn prompted
software developments to automatize data processing and to
try and improve the decomposition of the recorded dataset
into the scattering patterns of not fully resolved species [53-
55].

Microfluidic devices have also been recently designed to
reduce sample consumption and to screen a wide set of con-
ditions [56]. They have been used to monitor structural
changes in response to buffer exchange or to variation of
protein concentration [57], to study aggregation and fibre
formation [58] or to screen different protein concentrations
with different buffer composition [41]. These devices require
a very low amount of sample and buffer (2 to 5uL) and
might become standard on Biological SAXS beamline in the
future.
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With the high data rates imposed by the high—throughput
methods, automated software pipelines for data reduction
and analysis became essential [59-61]. The main objective is
to make BioSAXS data analysis as easy and straightforward
as possible for non-experts biologist users. IspyB is an ex-
ample of a graphical tool jointly developed by several syn-
chrotron facilities in Europe to display the processed results
in a unified way [62]. The challenge for experts is now to
improve the ability of these pipelines to provide a correct
interpretation of the data, and detect poor quality samples. In
complement, training the non-expert users through the use of
a more hands-on application that goes interactively through
the whole process might be beneficial to BioSAXS by in-
creasing the ability of the general user to evaluate the quality
of recorded data.

4. COMPLEXES

The modeling process in the case of complexes, pro-
tein/protein or protein/nucleic acid alike, must always be
adapted to the specific case under study. However, a few
general rules should be obeyed that are summarized below:

SEC-SAXS measurements are to be preferred if at all
possible, in order to obtain the scattering pattern of the com-
plex free from contributions from isolated partners [63]. It is
particularly important in the case of low affinity complexes,
provided one (the smallest partner) of the partners is added
to the elution profile so as to avoid dissociation during elu-
tion [52].

All available high resolution structures of partners are to
be taken into account. Missing residues should be completed
using the scattering curves of isolated partners and the pro-
grams BUNCH and SASREF [26] (see the ATSAS pack-
age), AllosModFoXS [29,64] (from the IMP package
http://www.salilab.org/imp/) or SASSIE [32]. If no atomic
structure is available, a homology model may be built using
one of the many available tools.

Of utmost importance is the information about the re-
gions of interaction. These might be obtained from comple-
mentary biochemical studies; for instance systematic study
of mutant proteins. Cross-linking experiments coupled to
Mass Spectrometry analysis can also be very informative, as
can be SHAPE footprinting [65] as well as CRAC and CLIP
methods in the case of protein/RNA complexes [66]. This
information is crucial to constrain the solution space for part-
ners’ arrangement in the complex.

NMR experiments are perfectly complementary to SAXS
(for a revue, see [67]): the study of the modification of
chemical shifts upon complex formation for instance also
provides information about the regions of interaction. Meas-
urements of residual dipolar couplings (RDCs) provide in-
formation about the mutual orientation of partners within the
complex to which they are extremely sensitive, while SAXS,
that is very sensitive to translations, is little or even alto-
gether insensitive to mutual rotations of isometric subunits
[61], as beautifully illustrated in [68].

We detail the case study, of the ternary complex YgjD-
YeaZ-YjeE [69]. This complex, only formed in the presence
of ATP, performs a tRNA post-transcriptional modification.
Using the SEC-SAXS setup on the SWING beamline and
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Figure 2. The SAXS/WAXS beamline SWING at SOLEIL Synchrotron
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a: An overview of the experimental hutch at the SWING beamline. The HPLC set-up from Agilent© is connected to the in-vacuum SAXS
measurement chamber. The X-ray path is entirely in vacuum from the source to the detector. Guard “scatterless” slits from Xenocs© are
positioned at the end of the optical flight tube. The large chamber houses the Aviex© and the Imxpad© detectors.

b: The flow-through capillary cell holder, as seen from the incoming beam. The temperature is maintained to within + 0.1 degree by Peltier
elements, themselves cooled with a circulating fluid. This recent design eliminates leaks and decreases the time needed to change the capil-

lary to less than 10 minutes.

c¢: Inside the detector chamber, the SAXS detectors can be translated in the three directions to adapt the g-range to the users’ needs. Typi-
cally, users can switch between different detector positions within a few minutes. Several beam-stops, some of them including a Pin-diode to
measure the transmitted flux, can be inserted using independent motorized stages.

adding ATP to the elution buffer, a stable complex was
formed and its scattering pattern recorded. This was com-
plemented by the study of the isolated partners. A structural
model of YjeE was built using the program Phyre2 [70] from
the known crystal structure of its homolog YjeE from H.
influenza that has been solved bound to ADP. The other two
partners Yeaz and YgjD form a stable binary complex whose
crystal structure is known with an ADP molecule in the
Yeaz-YgjD interface region. Analysis of the scattering
curves of YjeE and of the YeaZ-YgjD complex allowed the
authors to validate both conformations in solution. The P(r)
profile of the ternary complex indicated that the maximal
extension was equal to that of the binary YeaZ- YgjD com-
plex. The dimensionless Kratky plot showed that the com-
plex was compact, as confirmed by the envelope obtained
using GASBOR (Figure 3). Taking into account the results
of biochemical studies a model of the ternary YgjD-YeaZ-
YjeE complex was constructed using the program SASREF.
Importantly, this model was found to exhibit a crevice large
enough to accommodate the tRNA substrate.

In the case of protein/nucleic acid complexes, an addi-
tional level of complexity is associated with the different
chemical nature, and therefore the different electron density,
of each moiety. If available, neutron scattering can comple-
ment X-ray scattering by using the contrast variation ap-
proach in which varying the D,O/H,O ratio in the solvent
varies the scattering contribution from each component.
Careful adjustment of the contrast leaves essentially one
visible component by matching the average scattering con-
trast of the other one [71,72]. The multi-phase ab initio mod-
elling program MONSA can handle the different density

contrasts and yield meaningful models [59]. This is illus-
trated by a recent study of the complex between the histone
demethylase LSD1-CoREST1 and nucleosome (NCP) [73].
SAXS patterns of the isolated NCP and demethylase have
been recorded together with the pattern of the complex. The
nucleosome is a complex case since it comprises a protein
and a DNA phase that cannot be treated as a unique, homo-
geneous phase. To overcome this difficulty, and since it is
obviously impossible to obtain experimentally the DNA con-
tribution to the SAXS pattern of nucleosome, both scattering
patterns of the DNA and histone moieties were calculated.
The MONSA program was run using three phases, the his-
tone octamer, DNA, and LSD1-CoRESTI. The target func-
tions were the three experimental curves (NCP, the LSD1-
CoREST1 and the native complex) and the two calculated
patterns of DNA and histone core. As for all ab initio model-
ing approaches, no unique solution was obtained. Envelope
models were selected that both retrieved a plausible nu-
cleosome conformation with a satisfactory shape of the DNA
and yielded a good agreement between the calculated and
experimental curves (x> values very close to 1 for all fits).
This is exemplified by the envelope shown in Figure 3, panel
B1, that was calculated from the scattering curve shown in
Figure 3, panel B2. A generally shared feature was that
LSDI1-CoREST1 was seen to be interacting with DNA at one
of its extremities whereas the main body of the enzyme was
lying fairly close to the nucleosome. Further work using bet-
ter defined, covalent complexes were analyzed taking into
account the crystal structures of both partners and biochemi-
cal information that characterized the interface between the
interacting domain of the demethylase, located at the end of
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Figure 3. Two examples of complexes modeling

a: Superposition of the gel filtration profiles of YgjD-YeaZ—-YjeE (green), YgjD-YeaZ (orange) and YjeE (purple) (4(E):1(DZ) molar ratio)
in presence of 1.0 mM ATP and 2.0 mM MgClz.

b: Experimental SAXS scattering curve (black dots) of the YgjD—YeaZ—YjeE complex. The red line is the calculated scattering curve for the
model constructed using the SASREF program. The insert presents the resulting structural model embedded in the most typical envelope
extracted from the SAXS curve using the ab initio program GASBOR.

c¢: Interpretation of the SAXS experiments on the non-covalent LSD1-CoREST1/nucleosome 1:1 complex using the program MONSA. The
envelope is shown with LSD1-CoREST1 depicted in green, the nucleosomal DNA in orange, and the histone octamer in cyan.

d: Calculated scattering curve of the MONSA model using the program CRYSOL (red line) superimposed onto the experimental scattering
intensity curve of the complex (black dots).

e: All-atom model of the covalent complex. Same color code as in panel B1.

f: Calculated scattering curve of the all-atom model (red line) superimposed onto the experimental curve of the complex (black dots).

the long helical arm, and the DNA moiety. The final model tures of  membrane proteins (monitored at

shown in Figure 3, panel B3, bears clear similarity to the
MONSA model.

5. MEMBRANE PROTEINS

Membrane proteins are notoriously difficult to tackle.
Despite a continuous increase, the number of known struc-

http://blanco.biomol.uci.edu/Membrane Proteins xtal.html)

remains less than 2% of the total number of known protein
structures, while their occurrence in the genome is about
30%. Not only is it difficult to overexpress, extract and pu-
rify them, but because they must be maintained in an am-
phiphilic environment, membrane proteins can never be
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studied in isolation. Most frequently, membrane proteins are
extracted and maintained folded in detergent solutions in
which they are surrounded by a corona of detergent mole-
cules that hides their hydrophobic surface from water. The
solutions also contain micelles of pure detergent, which are
spontaneously formed when the detergent concentration is
above the critical micellar concentration, a pre-requisite for
membrane protein solubilization [74]. The resulting coexis-
tence of different particles in the sample and intrinsic density
inhomogeneity of the protein-detergent complex requires
specific strategies to analyze membrane protein structures in
solution.

The most obvious strategy is to turn to Small Angle Neu-
tron Scattering (SANS), a sister technique of SAXS, where
neutrons are used instead of photons. Neutrons are scattered
by the atomic nuclei instead of the electrons, and the atomic
scattering lengths depend in a non-systematic way on the
nature of the nuclei. The most interesting output for biologi-
cal samples is that the scattering lengths of H,O and D,O
have opposite signs, while those of biological macromole-
cules, proteins, nucleic acids, carbohydrates, lipids, have
(different) intermediate values. It is therefore possible to
cancel the average scattering contrast of one of the partners
in a multi-component complex by carefully adjusting the
ratio between H,O and D,O in the buffer. This strategy is
called Contrast Matching. Applied to membrane proteins in
detergent solutions, it results, in principle, in making the
detergents invisible, both those from the complex corona and
from the free micelles, the solution therefore appearing as a
standard monodispersed protein solution, to which standard
data analysis can be applied. Several studies have followed
this path in the past decade, but were limited by the fact that
the scattering lengths from the polar heads and from the hy-
drophobic tails cannot be perfectly matched simultaneously
for usual detergents [75]. It recently became clearer that the
resulting residual contributions of detergent corona to the
scattering curve, even if small, are in fact not negligible
when precise models have to be derived [75]. Accordingly,
investigations in the SANS community are focusing on de-
signing specific detergents with the highest possible scatter-
ing length homogeneity, often based on fluorinated tails [76].
In the SANS study about FhuA-pb5 complex, an individual
structure within a membrane protein complex could even be
described using both specific deuteration of one of the part-
ners and a carefully designed fluorinated detergent F6-
DigluM [75].

While there is no practical possibility to perform contrast
matching with SAXS, the combination with SEC allows time
separation between the membrane protein detergent complex
and the excess of free micelles in the originally loaded sam-
ple. It also allows accurate recording of the free micelles
contribution present in the elution buffer. In turn, the scatter-
ing intensity of the complex alone directly results from the
subtraction of two precise experimental patterns. This oppor-
tunity was taken on the SWING beamline and allowed Ber-
thaud et al. [77] to propose an accurate geometrical model of
the corona of dodecyl-maltoside (DDM), the non-ionic de-
tergent most frequently used in membrane protein biochem-
istry, around Aquaporin-0, a protein of known structure. The
objective of this study was not uniquely to contribute to a
better understanding of the physico-chemical interactions
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between the detergent and the hydrophobic surface of the
protein, but rather to provide a precise structural starting
point for further investigations of conformational changes or
interactions with partners [14,77]. Unlike with contrast
matching SANS measurements, there is no possibility with
SAXS to directly use ab initio procedures on the full com-
plex, which therefore prevents the easy study of unknown
structures. Still, the strategy of using SEC-SAXS starting
with known structures, and proceeding with unknown struc-
tural changes may also pay off, since the precision of SAXS
measurements is considerably higher than that of SANS
measurements. This is due partly to the much higher flux
(several orders of magnitude) available at 3 generation syn-
chrotrons than at the most powerful neutron sources, and
partly to the existence of a strong contribution of incoherent
scattering in SANS. Modeling the detergent moiety has re-
cently been facilitated by the release of the program Mem-
prot that models a detergent corona, shaped as an elliptical
torus, around a membrane protein construct of known struc-
ture [78]. A similar approach was adopted by Kaspersen et
al. [79] to model the DDM corona around the outer-
membrane protein A (OmpA), the protein being isolated as a
monomer or as a dimer. Interestingly, in their study, the con-
tribution of free micelles was evaluated as a parameter com-
puted from data very accurately collected in absolute units,
instead of being experimentally subtracted.

In parallel, the team of L. Arleth has undertaken a very
ambitious research program aiming at studying low resolu-
tion structures and conformational changes of membrane
proteins embedded into lipidic nanodiscs, a more physiologi-
cal-like environment than detergent micelles. A precise
structural determination of nanodiscs [80] or assimilated
platforms [79] was undertaken using SAXS. The inclined
orientation that bacteriorhodopsin adopts within a nanodisc
[81], was determined mostly using SAXS, and through a
careful check of the number of free parameters allowed by
the experimental data using a Bayesian Indirect Fourier
Transform approach [82]. More recently, using physiological
lipids specifically deuterated via a biosynthetic pathway,
they managed to produce a nanodisc with a neutron scatter-
ing length almost entirely matched with a buffer at 100%
D20, which is estimated to be negligible when carrying
membrane proteins with a mass higher than 50 kDa [83].

6. FLEXIBLE AND INTRINSICALLY DISORDERED
PROTEINS (IDP) PROTEINS

The application of SAXS to the study of these proteins
has been reviewed in Receveur-Brechot and Durand [17] and
in Kikhney and Svergun [84]. The expressions "flexible pro-
tein" and IDP actually designate a great variety of proteins
since they comprise all proteins that do not adopt a unique,
well-defined three-dimensional structure that can be deter-
mined by conventional high resolution approach, in particu-
lar by X-ray crystallography. The domain of flexible proteins
and IDPs extends from totally unstructured proteins similar
to polymers in good solvent and functioning as such (this is
the case of small, proline-rich salivary proteins for instance)
to proteins that fold upon ligand binding and to proteins
mainly comprising well-structured domains together with a
few less structured regions endowing the protein with a cer-
tain level of flexibility.
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Before describing the various stages of SAXS data analy-
sis that will give structural information on these proteins, we
wish to specify two important points: First, we consider here
interdomain flexibility, not side-chain flexibility or local
flexibility within a short surface loop that SAXS, a low-
resolution technique, will hardly be sensitive to. Second, by
nature these proteins may theoretically adopt a great variety
of conformations. It is therefore of special importance to
complement SAXS by other experimental or computational
approaches so as to constrain the solution space of conforma-
tions by additional information. The complementary tech-
nique of choice - and actually among the most widely used -
is NMR (for a global view read for instance [85-88]) FRET
must also be mentioned (a good example can be found in
Gruszka et al., 2015 [89]) as well as hydrogen/deuterium
exchange analyzed by mass spectrometry [90] and molecular
dynamics calculations (see e.g. Zhang et al., 2015). More
generally, each biochemical, biophysical or computational
technique that yields a structural constraint is useful and is
worth considering. Even more than in the case of well-
structured objects « synergistic use of complementary infor-
mation and hybrid modelling are the most promising
ways » .

Three successive stages can be distinguished in SAXS
data analysis [91]. We first start with a qualitative examina-
tion of the SAXS patterns. According to P. Bernado [92],
“features of SAXS data that identify flexible proteins are: (1)
general attenuation of fine structure in the scattering profiles,
which becomes more dramatic in Kratky representations, and
(2) a reduced number of interdomain correlation peaks in
p(r) functions that also present large Dy, values and a
smooth decrease to 0.” This does not lead to unambiguous
conclusions but can only raise a suspicion of flexibility. One
should also examine the data using the already mentioned
dimensionless Kratky plot - (ng)ZI(q)/I(O) vs qR, - that em-
phasizes the non-globularity of the object. A horizontal pla-
teau or a linear increase observed at larger angle strongly
suggests a marked flexibility but may also reflect a strong
anisometry. If one remembers Porod's law and associated
plot q*I(q) vs q - a particle of uniform density and sharp in-
terface with the surrounding medium exhibits a q* asymp-
totic behaviour - , the absence of an approximate plateau in a
Porod plot may reflect the absence of a well-defined inter-
face, as is the case in a flexible unstructured protein [93], or
again a strong anisometry. In fact, these qualitative features
can only be interpreted in the framework of all other infor-
mation about the protein under study such as clear evidence
for disordered regions resulting from amino-acid sequence
analysis by disorder predictors.

The second stage corresponds to the case where large
disordered regions are revealed by sequence analysis and
when the protein is known not to possess large, well-
structured domains. Here, one may apply polymer theory and
describe the scattering pattern using analytical mathematical
models. One can start by comparing the experimentally de-
termined value of the radius of gyration to that obtained from
scaling laws [17]: R;=RoN", where N is the residue number
while Ry and v depend on the level of residual structure of
the scattering object. Bernado and Blackledge [94] report

' D. Svergun, EMBO lecture, 2012
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values of Ry=2.54 and v =0.522 for IDPs. This is very lim-
ited information, all the more so that R, determination is not
always easy for a large size, extended flexible protein since
the Guinier range, restricted to very small angles, is often not
experimentally accessible. More appropriate is the attempt to
describe all (or a significant part of) the scattering pattern
using an analytical expression. In the case of a protein de-
prived of any large structured domains and exhibiting noth-
ing more than local structure, the appropriate expression,
proposed by Sharp and Bloomfield for a chain with persis-
tence length [17] depends on three structural parameters that
are determined in the fit against the data: the contour length
of the chain L, the size b of the constitutive statistical ele-
ments and the radius of gyration of its cross-section R, [22].
These parameter values give indications on the rigidity of the
polypeptide chain and on the possible existence of secondary
structure elements. A second type of function has been de-
veloped by Capp et al. [91] to describe the case of proteins
comprising well-structured domains with intervening flexible
linkers in a pearl necklace-like arrangement.

The last stage aims at a description of the protein using
an ensemble of atomic models rather than a unique model,
which is meaningful in view of the large conformational
space explored by the protein. This kind of approach was
pioneered by Bernado er al. (Ensemble Optimization
Method, EOM, 2007) recently upgraded in Tria ef al. [95]. In
the following years, other groups developed similar ap-
proaches, such as Minimal Ensemble Search, MES [30],
Basis-Set Supported SAXS, BSS-SAXS [96], Ensemble Re-
finement Of SAXS, EROS [97] and maximum occurrence
method, MaxOcc [98]. The common strategy to all these
approaches is to create a very large library of conformations
before selecting, within this library, ensembles of conforma-
tions whose average scattering curve fits the experimental
curve. Information about the solution space is directly ob-
tained from the comparison between the distributions of
global structural parameters such as R, or Dy, correspond-
ing to the optimized ensembles and the total pool respec-
tively. Beyond this straightforward comparison (identical
distributions or distribution of the optimized ensemble
shifted towards small (large) values), features such as a bi-
modal distribution suggesting the coexistence of compact
and extended conformations in solution should be validated
by other experimental approaches such as AFM [99,100] but
also NMR. The incorporation of NOEs and RDCs in the re-
finement protocol improves both the construction of the pool
and the determination of fitting ensembles [88]. The deter-
mination of ensembles is particularly robust in the case of
the EROS method that uses a maximum entropy protocol to
fit the experimental scattering data as beautifully illustrated
in Kofinger et al. [101].

7. KINETIC STUDIES

Since the very beginning of the use of SR for SAXS
measurements, time-resolved experiments have been at the
cutting edge in the field. They are still not very common
compared with the numerous applications of more conven-
tional, “static” experiments. This is due to the severe re-
quirements in terms of instrumental development, sample
amount and to the relatively small number of well-suited
systems. However, the availability of high quality, very in-
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tense X-ray micro-beams at 3 and 4" generation sources
sparked a regain of interest in these studies. The approach
uses a fast perturbation of the system out of equilibrium and
the relaxation of the system is monitored by SAXS. Classi-
cally, perturbation is triggered by fast-mixing with the per-
turbing agent. Stopped-flow instruments have been used for
decades and provide mixing times down to the ms range.
Faster mixing is obtained using continuous flow setups in
which the time resolution is obtained by adjusting the dis-
tance between the irradiated volume and the mixing point.
Coupled with micro-fluidic devices and the availability of
micro-beams that allow a considerable reduction in sample
volume requirement, this approach seems now promised to a
very bright future. Perturbation is also triggered by using a
photoactivatable compound that, upon laser illumination,
releases the perturbing agent. Here, time resolution is essen-
tially limited by the X-ray pulse width that is typically a frac-
tion of a ns at storage rings and a fraction of a ps at free-
electron lasers. These very fast processes are monitored not
strictly speaking by SAXS but at large angles (WAXS) and
accumulation of repeated changes using a very intense beam
[102,103].

Three main types of processes have been investigated
using TR-SAXS: assembly, macromolecule (un)folding and
conformational changes. Several self-assembling systems
will be presented in the next section. Macromolecules also
assemble and the formation of viral capsid from coat protein
solutions upon acidification and of full viral particle upon
coat protein and RNA interaction are excellent examples
[104]. Another case in point is the very complex and dy-
namic process of micro-tubule association and dissociation.
Object of a seminal study by Mandelkow and Bordas in the
80s’ [105], this process is currently revisited using much
improved data, analysis software and the available tubulin
crystal structures. Fibrin assembly following fibrinogen
activation has been recently investigated in a multi-scale
study coupling TR-SAXS and TR-MALS (multi-angle light
scattering) [106]. The elongation of the protofibrils was
monitored by MALS while X-ray scattering patterns probed
the time evolution of the fibril thickness. The unprecedented
combination of both techniques allowed the authors to rule
out the classical model of half-staggered, double-stranded
fibrils and led to the proposal of a modified model account-
ing for both experimental data sets together with a variety of
other observations. Protein folding was also a major topic of
TR studies from the early days. A landmark study is that of
apomyoglobin refolding upon pH increase using continuous
flow mixing TR-SAXS coupled with other spectroscopic
kinetic studies [107]. Several proteins were subsequently
investigated by this multi-technique approach that led to
some global insights into the major determinants of tertiary
structure and of the folding process. RNA folding was also
studied in a parallel effort led mainly by two groups in the
United States and reviewed in [108]. Finally conformational
transitions were studied in allosteric enzyme ATCase from
E. coli [109] and for viral particles [110,111] with a time-
resolution ranging from the s down to the ms range while
much faster processes in hemoglobin [103] and photosyn-
thetic reaction center [102] were investigated in the WAXS
regime. Without entering into any specific detail of TR-data
analysis, a very commonly used tool since the early days of
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TR-SAXS [112,113] deserves a special mention: the Singu-
lar Value Decomposition (SVD) analysis, that allows one to
detect the existence of intermediate(s) in a structural transi-
tion, a prerequisite to the design of any molecular mecha-
nism.

Beyond the special case of FEL radiation the perspectives
with more conventional SR point towards a dramatic reduc-
tion in the necessary sample volume through the use of mi-
cro-beam with microfluidic mixers. The disappearance of
this very severe bottleneck might lead to an extension of TR-
SAXS application to a greater variety of biological systems.
The other direction is that of multi-scale studies that combine
various probes on the same sample to study the structural
dynamics of processes involving the elongation and thicken-
ing of fibrous-like structures (e.g., collagen, B-amyloid).
Here, speed is not of the essence, but rather the ability to
monitor over the largest possible range of dimensions vari-
ous features of the supramolecular assemblies, thereby offer-
ing a more complete view of the process.

8. LARGE SUPRAMOLECULAR ASSEMBLIES

Solutions are not the only state where SAXS can bring
information about peptides or proteins. Assembled materials
made of proteins or peptides can also largely benefit from
SAXS measurements. When isolated macromolecules as-
semble into regular structures, new correlations appear in the
electronic density of the whole structure, giving rise to spe-
cific modulations in the scattering intensity. When motifs are
repeated along a defined axis with a repetition distance d, the
scattered photon waves undergo strong constructive interfer-
ences at q values given by the relation 4 = 5, 27”, where n is an

integer (Bragg law). The phenomenon is called diffraction,
but is not different in nature from solution scattering. When
identical units, e.g. a peptide or a protein, are regularly
spaced, with periodicities typically of the order of or larger
than 1 nm, diffraction is observed in the Small Angle range
[114] (SAXD). In this chapter we focus on self-assembled
samples. Self-assembly is a process in which randomly ar-
ranged components form an organized structure as a conse-
quence of intrinsic interactions without external stimuli. For
peptides or proteins, two mains families of self-assemblies
emerge: fiber growth, for which there is no control on the
final object size, shape or number of primitive units and con-
trolled self-assembled materials, for which the primitive unit
precisely defines the final object due to its specific shape
[115], possible interactions [116] and size [117,118].

Using synchrotron radiation for these studies is an abso-
lute requirement due to the large number of samples needed
to understand mechanisms of the self-assembly process, in-
termediary structures and final structures.

8.1. Fiber Growth

One of the main goals of studying non-controlled peptide
assemblies is to understand the formation of amyloid fibrils
or amyloid-like fibrils (Figure 4a). Indeed such materials are
responsible for, or at least correlated with, a wide range of
diseases such as Alzheimer, diabetes type 2 and Parkinson’s
disease [119]. SAXS synchrotron beamlines are the right tool
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to determine amyloids and amyloid-like structures by dint of
high photon flux and high quality setups. A number of
groups such as Eisenberg’s group at UCLA or Gazit’s group
at Tel Aviv University have been working on understanding
amyloid structure and formation (Figure 4a) [120-124].
These studies established that amyloid fibrils were formed of
B-strand peptide sequences arranged in a specific manner.

Thus amyloid fibril formation and final structures are
now well known. Based on amyloid or amyloid-like fibril
properties [123,124], research is presently focusing on the
use of fibrils as backbones for functional materials [123,124,
126-128]. Modified fibers serve in the formation of hollow
nanotubes that can be used as templates for the fabrication of
nanowires. First, metallic ions are let to diffuse in the fiber
lumen before enzymatic degradation of the fiber scaffold
results in the production of nanoscale wires. Another possi-
bility is the deposition of metal on the fiber surface which
would result in a coaxial nano-cable [125]. Those fibrils can
assemble to form conducting nanowires, or can be used as
surface coating and nanostructured protein film [124].

The structures of modified or functionalized fibrils are
analyzed by SAXS to confirm that the amyloid structure is
not altered while their function is checked using other meth-
ods (Figure 4b). SAXD hence allows fiber structural charac-
terization, starting from its formation, its structure before and
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after modification up to the final object. Moreover, using
synchrotron radiation facilitates the access to other comple-
mentary techniques such as circular dichroism (SRCD)
[129], also available at some facilities, which provide valu-
able information with an extended wavelength range about
the peptide secondary structure, especially for dilutes sam-
ples.

8.2. Controlled Self-Assemblies

Proteins can act as scaffolds for cellular structural stabil-
ity. This implies the control of the scaffold assembly by pro-
tein/peptide interactions. Learning from these interactions,
mostly arising from non-covalent binding, it is possible to
create short peptide structures for which control towards a
designed final object is possible [130,131]. A well-known
example of controlled self-assembly is the self-assembly of
peptides nanotubes. There are several classes of peptides that
can form nanotubes, cyclic peptides [132], surfactant like
peptides [133], amyloid peptides [134].

Here we briefly discuss cyclic peptides nanotubes, for
which the final structure can be fixed by modifying the pep-
tide residue, the nature of counter ions or the buffer proper-
ties (pH, salts and composition). Some of them have direct
industrial applications [135-138]. One of these peptides, an
octapeptide called Lanreotide, is used as a growth inhibitor
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a/ Amyloids hierarchical formation sketch. Peptides or protein unfold and acquire a B-strand secondary structure. These B-strands then as-
semble into protofibrils. The B-strands are perpendicular to the protofibrils main axis. The protofibrils then assemble into fibrils by lateral
association. The experimental image shows a typical amyloid fiber diffraction pattern. The anisotropic reflections are indicative of a partially
aligned fiber, perpendicular to the X-ray beam. The reflections at d=4.7A and d=10 A correspond respectively to the inter-B-strand and inter-

B-sheet spacing.

b/ Conjugation of amyloidogenic motifs and functional proteins which form functional fibers that retain the proteins activity [125]. The aim
is to modify the natural peptide functional side chain in order to add a specific function to the fiber. SAXD is widely used to find the fiber

structure before and after modification.
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hormone; it can display a very large variety of hollow nano-
tube structures simply by changing the counter ion, or by
chemically modifying a lateral chain. These two parameters
mainly affect the nanotube diameter through two different
mechanisms. First, SAXS studies showed that the counteri-
ons have a steric effect in areas where close contacts occur
and can tune the nanotube diameter. So increasing the steric
hindrance of the counter ion will increase the nanotube di-
ameter and conversely [137]. Finally, the lysine side chain of
the octapeptide, which is involved in a steric close contact,
can be modified in length or steric hindrance. This modifica-
tion of the peptide sequence induces a diameter change,
which is inversely proportional to the length/steric hindrance
of the new peptide residue. Crystallization of the peptide
nanotube was achieved using L-1,3-diamino propionic acid
instead of lysine. The X-ray diffraction pattern from the
crystalline powder of the modified octapeptide combined
with Wide-Angle X-ray Scattering (WAXS, which probes
very small distances on the same sample) allowed the 3D
reconstruction of the crystal lattice and hence of the funda-
mental unit [138].

9. CONCLUSION

BioSAXS has become a mature technique over the last
decade. Intense theoretical research is currently conducted in
several groups worldwide to improve the reliability of the
data interpretation. Many new SAXS beamlines develop-
ments at several synchrotron facilities are driven by Bio-
SAXS requirements. The technique is now clearly an indis-
pensable tool in Structural Biology, as a complement to
high-resolution techniques. We have attempted here to pro-
vide the reader with a flavor of the ever growing possibilities
offered by BioSAXS in Structural Biology, together with a
simple description of the tools currently developed. The per-
spectives in mainstream SAXS are focused around sample
volume reduction, automation of data acquisition, reduction
and analysis procedures. Several directions are still at an
exploratory stage: use of deep-frozen samples [139], lab-on—
a—chip for systematic variations of experimental conditions,
use of coherence at FEL facilities [140,141], that may give
rise to new applications of scattering by biological
macromolecules.
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