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Abstract
Recent technological advances enabled high-throughput collection of Small Angle X-ray Scattering (SAXS) profiles
of biological macromolecules. Thus, computational methods for integrating SAXS profiles into structural modeling
are needed more than ever. Here, we review specifically the use of SAXS profiles for the structural modeling of
proteins, nucleic acids, and their complexes. First, the approaches for computing theoretical SAXS profiles from
structures are presented. Second, computational methods for predicting protein structures, dynamics of proteins in
solution, and assembly structures are covered. Third, we discuss the use of SAXS profiles in integrative structure
modeling approaches that depend simultaneously on several data types.
Keywords: Small Angle X-ray Scattering (SAXS), Protein structure prediction, Macromolecular assembly,
Integrative modeling

Introduction
SAXS is becoming a widely used technique for lowresolution structural characterization of macromolecules
in solution [1-5]. The major advantage of SAXS compared to other structural characterization techniques is
that it can be performed under a wide variety of solution
conditions, including near physiological conditions, and
for a wide range of molecular sizes. The experiment is
typically performed with ~0.5–10.0 mg/mL of a macromolecular sample in a ~15–30 μL volume, and usually
takes less than a few minutes on a well-equipped synchrotron beam line. In addition, recent technological
advances allow in-house laboratory data collection without a beam line X-ray source.
The SAXS experiment results in a small-angle X-ray
scattering intensity of a sample (a macromolecule in a
buffer) as a function of spatial frequency [6-8]. The
SAXS profile of the macromolecule is then produced by
subtracting the SAXS profile of the buffer from the
SAXS profile of the sample. Because of rotational
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averaging, the information content of a SAXS profile is
significantly lower compared to that of a diffraction pattern in X-ray crystallography or even a density map from
electron microscopy (EM). Nevertheless, SAXS can provide shape information about proteins and macromolecular assemblies that are not amenable to X-ray
crystallography, NMR spectroscopy, or EM. Information
about the radius of gyration, volume, and mass can be
easily extracted from the profile [8,9]. The profile can be
converted into an approximate distribution of pairwise
electron distances in the macromolecule (i.e. the pairdistribution function) via a Fourier transform [7,8,10].
Moreover, SAXS can be used to study the dynamics of
the system [11,12], not only a static structure.
SAXS profiles can be used for computation of so
called ab initio 3D shapes that are consistent with the
measured pair-distribution function [13-15]. SAXS profiles can also be used for atomic resolution modeling in
multiple modeling applications, including determination
of biologically relevant states from the crystal [16], binding of small molecules [17], comparative protein structure modeling [18], fold recognition [19-21], protein
domain assembly [22], assembly of protein complexes
[23-25], modeling of a perturbed conformation (eg, modeling active conformation starting from non-active conformation) [26], and modeling of an ensemble of
conformations that represent solution conformational

© 2012 Schneidman-Duhovny et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Schneidman-Duhovny et al. BMC Structural Biology 2012, 12:17
http://www.biomedcentral.com/1472-6807/12/17

ensemble [27-29]. Moreover, SAXS profiles can provide
structural information about oligomeric states and interactions between proteins [30,31].
Characterizing structures of multi-subunit complexes
generally benefits from using varied experimental datasets [32,33]. In this hybrid or integrative approach, the
datasets are encoded into a scoring function used to
evaluate candidate models generated by a sampling
method. Due to the simplicity of data collection, SAXS
profiles are attractive candidates for combination with
other computational and experimental techniques by the
integrative approach [24].
In this review, we describe the recently developed
computational methods that were inspired by the ability
to collect high-accuracy SAXS profiles. First, the methods for computing theoretical SAXS profiles from structures are presented. Second, we describe how SAXS is
incorporated into computational methods for predicting
protein structures, dynamics of proteins in solution, and
assembly structures. Finally, we describe the integrative
modeling structure approach that depends simultaneously on several data types and suggest data types that
are complementary to SAXS.

Computing the theoretical scattering
Computation of an accurate theoretical SAXS profile
from an atomic model is critical for including SAXS data
in any modeling application. Progress was made based
on the recent availability of high resolution SAXS datasets [1-3,5]. Theoretical SAXS profile calculation from
the coordinates of atomic models requires spherical
averaging because of random orientations of macromolecules in solution. Since the observed scattering profile
is the difference between the scattering of the target
macromolecule with its ordered hydration layer and the
excluded volume that takes into account the missing
scattering of bulk solvent, methods for calculating SAXS
profiles have to account for the excluded volume of bulk
solvent and the hydration layer. As a result, the
approaches for profile computation generally differ in
the methods used for spherical averaging, treatment of
the excluded volume, and treatment of the hydration
layer (Table 1).
Spherical averaging methods need to balance accuracy
and run-time performance. Spherical averaging can be
computed directly from all pairwise interatomic distances using the Debye formula [24,35,42,46]. CRYSOL
[34] uses multipole expansion for fast calculation of a
spherically averaged scattering profile. Other options include Monte-Carlo sampling [36], numerical quadrature
[37,41], cubature formula [43], and Zernike polynomial
expansions [45]. Coarse graining that combines several
atoms in a single scattering center can also be used to
speed up the calculation [38,40].
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The excluded volume term typically depends on the
shape of the molecule by calculating the scattering assuming an electron density equivalent to the bulk solvent [34,47,48]. Alternatively, it is possible to represent
the excluded volume by explicit placement of water
molecules [41]. However, accurate approximation of the
excluded volume is challenging because the total volume
varies significantly depending on a set of values of
atomic radii. Therefore, some methods allow adjustment
of the excluded volume of the molecule for optimal fitting to the experimental SAXS profile [34,42,43].
The hydration layer can be treated explicitly by introducing water molecules [38,39,41] or using pre-computed
solvent density maps [43,44]. Implicit hydration layer
models surround the molecule with a continuous envelope of adjustable density [34,36,42].
There is generally a trade-off between the accuracy
and speed of computation. For example, if a method is
used to evaluate a profile fit for multiple models, it has
to be fast compared to a method that will be used to
compare a single structure to the SAXS profile. Wide
angle scattering requires more accurate methods to account for atomic resolution details that can be seen at
wide angles [39,41,44].
The theoretical profile is typically fitted to the experimental one by minimization of the χ value [34]:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u

M 
u1 X
Iexp ðqi Þ  cI ðqi Þ 2
χ¼t
σ ðqi Þ
M i¼1
where Iexp(q) and I(q) are the experimental and computed profiles, respectively, σ(q) is the experimental
error of the measured profile, M is the number of points
in the profile, and c is the scaling factor. Sometimes,
there are additional fitting parameters that require
optimization during fitting, such as the excluded volume
of the protein, the density of the hydration layer
[34,42,43], and buffer rescaling factor [41]. The major
problem with χ is that its values are comparable only for
the same experimental profile since it depends on the
profile experimental error. Therefore, one can compare
the fitting quality between two models against the same
profile using χ, but cannot compare the fit of one model
against two different experimental profiles.
To assess the performance of different profile calculation programs (Zernike polynomials, Fast-SAXS, AquaSAXS, CRYSOL and FoXS), we compute the theoretical
scattering for a model protein glucose isomerase
[PDB:2G4J] (Figure 1) and fit it to the experimental profile. A high accuracy SAXS profile (qmax = 0.5 Å-1) was
collected and analyzed at the Advanced Light Source
SIBYLS beam line (BL12.3.1), as described previously
[1]. The molecule includes approximately 12,000 atoms.
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Table 1 Methods for theoretical profile calculation
Method

Spherical Averaging

Hydration Layer

Representation

Availability

CRYSOL [34]

Multipole expansion

Implicit water layer based
on envelope function

Atomic

Server, download http://www.emblhamburg.de/biosaxs/crysol.html

solX [35]

Debye formula

-

Atomic

ORNL_SAS [36]

Monte-Carlo sampling

Implicit water layer

Grid representation

SoftWAXS [37]

Numerical quadrature

Implicit water layer

Atomic

Fast-SAXS [38]

Debye formula

Explicit placement
of water molecules

Coarse-grained
residue level

Park et al. [39]

Spherical quadrature

Explicit placement
of water molecules

Atomic

Stovgaard et al. [40]

Debye formula

-

Coarse-grained, 1 or
2 points per-residue

AXES [41]

Numerical quadrature

Explicit placement
of water molecules

Atomic

Server http://spin.niddk.nih.gov/bax/
nmrserver/saxs1/

FoXS [42]

Debye formula

Implicit water layer based
on surface accessibility

Atomic or coarse-grained
residue level

Source code, server, download,
Chimera http://salilab.org/foxs/

AquaSAXS [43]

Cubature formula

AquaSol solvent
density map

Atomic

Server http://lorentz.dynstr.pasteur.fr/
aquasaxs/aquasaxs_submission.php

Virtanen et al. [44]

Debye formula or
Cube model

HyPred based on MD
simulations

Atomic, MD simulation

Zernike Polynomials [45]

Zernike polynomial
expansions

Hydration layer from
voxelized representation

Atomic

FoXS and CRYSOL provide the most accurate fit with χ
values of 4.7 and 7.9, respectively, in less than 8 seconds.

Protein structure prediction
X-ray structure vs. solution structure

The most straightforward application of SAXS is for
comparing a crystallographic structure with a solution
structure. The theoretical profile computed from the Xray structure is compared with the experimental one.

Download http://www.ornl.gov/sci/csd/
Research_areas/MS_csmb_comp_
methods.htm

http://yanglab.case.edu/software.html

Source code, server, download http://
sastbx.als.lbl.gov/cgi-bin/intensity.html

The comparison can help in identifying biologically relevant oligomeric states or the solution quaternary structure of the protein. For example, a comparison of the
SAXS profile of yeast Nup145N (443–605) with the crystal structure [PDB:3KEP] confirmed the existence of a
dimer seen in the asymmetric unit in solution [49]
(Figure 2).
A system can exist in a mixture of several states in solution, such as monomer-dimer equilibrium. In such

Figure 1 Theoretical SAXS profiles of glucose isomerase from five programs fitted against the experimental SAXS profile.
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Figure 2 Yeast Nup145N (443–605) crystal structure [PDB:3kep] monomer (green) and dimer (red) versus the solution SAXS profile
(black).

cases, fitting of a weighted average of theoretical profiles
can be attempted for comparison with the experimental
profile. The program OLIGOMER implements a nonnegative linear least-squares algorithm to find the
weights of the theoretical profiles that minimize the discrepancy with the experimental profile [50]. FoXS webserver allows fitting of up to five weighted computed
profiles to the experimental profile. The selection of
weighted profiles is performed using Minimal Ensemble
Search (MES) that is based on a genetic algorithm [28].
FoXS-MES webserver was previously used to determine
the length and composition of the XLF-XRCC4 filaments
in solution [51]. The XLF-XRCC4 complex forms filaments in the crystal lattice [51]. Theoretical scattering
profiles were computed for various filament lengths with
FoXS, followed by MES [28] that selects a combination
of various filament lengths to optimize the fit to the experimental SAXS profile. The best fit obtained with the
single filament had χ value of 5.09, while the minimal

ensemble of three different filaments reduced the χ value
to 1.66 (Figure 3).
Comparative modeling and missing fragment modeling

If X-ray structures have unresolved regions, such as
side-chains, loops or His tags that are not seen in the
electron density, modeling of a complete structure based
on the sequence used for SAXS data collection is critical
for a useful comparison of computed and experimental
profiles. The fraction of missing atoms in a structural
model results in an almost double fraction of missing
distances in the calculation of the theoretical profile. For
example, if 5% of residues are missing from the X-ray
structure of 100 residue protein, the fraction of missing
distances in computation of the theoretical profile is
almost 10%. If only a homologous structure of the
studied protein is available, it is also important to model
the target sequence by comparative modeling [18,52],
since even at high sequence identity the homologous

Figure 3 FoXS-MES server output for ensemble fit (green) of the SAXS profile (black) versus a single conformation fit (red) for XLFXRCC4 filaments. A) Fit plot, B) Residuals plot, and C) Ensemble structures and weights.
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proteins may have variable loop lengths. In addition, an
experimental SAXS profile can help in distinguishing between alternative structural models [41]. Structural models
can be generated using a variety of programs and web services, such as HHpred [53] (http://toolkit.tuebingen.mpg.
de/hhpred), M4T [54] (http://manaslu.aecom.yu.edu/
M4T/), SWISS-MODEL [55](http://swissmodel.expasy.
org/), Robetta [56] (http://robetta.bakerlab.org/), I-TASSER
[57] (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), and
ModWeb [58] (http://salilab.org/modweb). Both, the modeling task and profile calculation can be performed using
UCSF Chimera molecular graphics program [59] that has
an interface to MODELLER [18] for automated comparative modeling and FoXS [42] for profile calculation
and fitting. For example, the structure of the C-terminal
domain of Nup133 was characterized by both X-ray
crystallography and SAXS. Using Chimera, the X-ray
structure [PDB:3KFO] is fitted to the SAXS profile with
the resulting χ value of 3.04 (Figure 4). After adding the
missing residues and His tag with MODELLER using the
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Chimera interface, the fit improves significantly (χ = 1.1),
especially for 0.17 Å-1 < q < 0.22 Å-1 (Figure 4).
Fold and shape recognition

A SAXS profile can be utilized in structural modeling of
protein sequences for which template structures cannot
be identified using a sequence similarity search. Zheng
and Doniach [20] used a SAXS profile to filter structures
generated by gapless threading on the templates. The recently developed SAXSTER method [21] integrates a
SAXS-based scoring function with the MUSTER threading algorithm. The SAXS profile fit score is combined
with the threading alignment score, resulting in a higher
accuracy model compared to that from MUSTER without using a SAXS profile.
If comparative modeling or fold recognition methods
fail to produce accurate models, it is possible to search
for proteins with similar overall folds or shapes using a
SAXS profile of a given protein. The DaRa server [60]
searches for similarity among the theoretical scattering

Figure 4 Comparative modeling and SAXS profile fitting using the Chimera visualization package. MODELLER was used to add missing
residues and a His tag on the C-terminal domain of Nup133 (see sequence alignment in the upper right window). Three models were generated
(red, green and blue) using a template structure [PDB:3KFO] (white). The FoXS interface (lower left window) was used to fit the profiles computed
for the X-ray structure and the models to the experimental SAXS profile (lower right window). A) model window, B) sequence alignment
window, C) model scores, D) FoXS interface window, and E) FoXS output window.
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profiles pre-computed from thousands of PDB structures.
The Shape Search Engine in SASTBX package (http://
sastbx.als.lbl.gov/cgi-bin/shapeup.html) represents the
structures using Zernike polynomials and performs a
rapid shape comparison against PDB [61], PISA [62], and
3Dcomplex databases [63].

Dynamics modeling
SAXS is a valuable tool in characterizing the ensemble
of conformations sampled by a macromolecule in solution. Depending on the variance of the solution ensemble, alternative conformations or an ensemble of
conformations may be needed to address the discrepancy
between an experimental SAXS profile and an X-ray
structure. For example, the protein can be in a nonactive conformation in the crystal and in the active conformation in solution. In such a case, one needs to model
alternative conformations starting with the X-ray structure. Multi-domain proteins are likely to be conformationally variable in solution, in part depending on the
length and composition of the segments between
domains. Accurate profile fitting in this case requires a
set of multiple conformations.

Fitting a single perturbed conformation to a SAXS profile

One possible approach is to use a SAXS profile as a filter
for previously generated conformations: thousands of
conformations are generated first and the scattering profile of each conformation is computed and fitted to the
experimental profile. There are several ways to generate
alternative conformations. The BUNCH method [23]
uses simulated annealing approach where the domains
are kept rigid and linkers are flexible chains composed of
dummy residues. The BILBOMD method [28] uses multiple time-step Molecular Dynamics at high temperatures
while keeping the domains rigid and the linkers flexible.
Alternatively, it is possible to use a SAXS profile directly in the optimization. Monte Carlo based method
can be used for sampling relative domain orientations
[24], where the gradient of χ2 is used for guiding the
optimization. In a different approach, Normal Mode
Analysis has been utilized for fitting the pair distribution
function derived from a SAXS profile [64]. A recent
method by Zheng and Tekpinar [65] uses a coarsegrained Elastic Network Model (1 bead per residue)
coupled with coarse-grained SAXS profile calculation
that includes an implicit hydration layer.
Even if a good fit of a SAXS profile can be obtained
with a single conformation, it is still possible that the
protein is flexible in solution [11]. Kratky [6] and PorodDebye [9,29] plots should be used to distinguish between
rigid and flexible proteins. However, this classification
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can be difficult for some proteins, such as those with
rigid domains with long flexible loops.
Modeling an ensemble of solution conformations

If the SAXS profile indicates that a protein is flexible in
solution [9], we can attempt to fit the profile with an ensemble of conformations. Selection of a representative ensemble out of thousands of conformations is challenging
since the ensemble size is not known and the number of
possible ensembles is enormous. Several approaches exist
to select an ensemble that fits a SAXS profile from a pool
of multiple conformations. EOM [27] and BILBOMD
Minimal Ensemble Search (MES) [28] use a genetic algorithm for ensemble selection. In the BSS-SAXS approach
[66], the conformations are first clustered by RMSD and
profile similarity into a small number of clusters, followed
by a Bayesian-based Monte-Carlo method to optimize the
weights of each cluster. Similarly, the EROS method [67]
samples the conformations with a replica exchange
Monte Carlo method, clusters the models, and optimizes
cluster weights. Typically, significant improvement in the
profile fit can be seen with a small ensemble size of 2 to 5
weighted conformations in MES or 10 conformations in
EOM. In practice, the solution ensemble size might be
much larger, but the selected ensemble is sufficient to fit
the experimental profile and should be viewed as a minimal ensemble to explain the data. Measures, such as
RMSD, NSD, radius of gyration, and maximal diameter
are typically used to assess the ensemble variance [27,28].
If the variance in these parameters in the selected ensemble is as large as in the initial pool of conformations, the
protein is likely to be flexible. Alternatively, macromolecules with distinct values of RMSD, radius of gyration,
and maximal diameter, as compared to the initial pool,
are less flexible and may have a limited number of conformers in solution.
SAXS was used to study the flexibility of the Mre11Rad50 dimers in solution with and without the ATP ligand [68]. The SAXS profiles show a transition from a
flexible to ordered conformation upon ATP binding.
The BILBOMD method [28] was used to model the solution ensemble of the Mre11-Rad50 dimers [68]. Multiple models were generated by Molecular Dynamics,
followed by fitting to a SAXS profile with FoXS and
MES. While the best fitting model had a χ value of 4.3,
the minimal ensemble of three different models reduced
the χ value to 2.9 (Figure 5).
Time-resolved SAXS

Recent advances in time-resolved SAXS experiments
provide a unique opportunity for data collection on with
a ~10 microsecond resolution [69]. Structural information on the unfolded ensemble and early folding intermediates of proteins can be obtained by application of
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Figure 5 FoXS-MES ensemble fit (green) of the SAXS profile (black) versus a single conformation fit (red) for Mre11-Rad50. A) Fit plot, B)
Residuals plot, and C) Ensemble structures and weights.

continuous or stopped-flow mixers [70-72]. In principle,
this information can be used for validation of folding
trajectories [69] generated by all atom Molecular Dynamics simulations that can cover similar timescales
[73]. Processes such as virus shell assembly [74], virus
maturation [75,76], and amyloid formation [77] can also
be monitored by time-resolved SAXS. The minimal
number of independent components (conformations or
oligomeric states) in a set of time-resolved SAXS profiles
can be inferred from singular value decomposition (SVD)
analysis [7,30,50,78-80]. The method gives the minimal
number of eigenvectors that account for the set of timeresolved profiles. The approach provides a lower bound
for the actual number of components in the system.

Assembly modeling
Template-based modeling

Similarly to the modeling of individual proteins, it may
be possible to model an assembly using standard comparative modeling techniques. The approach requires
structural templates for the sequences of the target assembly that cover the entire assembly or a sufficiently
overlapping set of its subunits. A comparative model of
an assembly can be assessed by comparison to the experimental SAXS profile, as well as additional scoring
functions that score subunit interaction interfaces [24].
Recently, several approaches for template-based pairwise
protein docking were developed, including KBDOCK
[81] (http://kbdock.loria.fr/), GWIDD [82,83] (http://
gwidd.bioinformatics.ku.edu), 3DID [84] (http://3did.
irbbarcelona.org/), SCOPPI [85] (http://www.scoppi.org/),
and PRISM [86].
Protein-protein docking

If atomic structures of subunits in a protein-protein
complex are available, computational pairwise docking
methods can be applied to predict the complex structure.
The accuracy of computational protein-protein docking
remains unsatisfactory despite recent advances in the
docking methods [87,88]. Combining computational

docking with SAXS is a promising approach towards increasing the accuracy of computational docking. There
are several methods for rigid docking with a SAXS profile. DIMFOM and GLOBSYMM [23] are based on the
CRYSOL program for SAXS profile fitting with a simplified sampling algorithm, where the structure of one
monomer is rolled over the surface of the other; however,
no interface optimization is performed. SASREF [23]
uses Simulated Annealing for orientation sampling and
CRYSOL for fit evaluation. In another method, the scoring function combines SAXS and interface complementarity terms, with orientation sampling by a local search
method that requires a relatively accurate initial configuration [24]; in the absence of the initial configuration,
the method starts from 1000 random orientations. Two
recently developed methods, pyDockSAXS [89] and
FoXSDock [90], integrate global search docking programs, energy based scoring functions, and a SAXS fit
score. pyDockSAXS uses FTDock [91] for sampling complex orientations, pyDock [92] for energy-based scoring,
and CRYSOL for SAXS scoring. FoXSDock uses PatchDock [93] for orientation sampling, FireDock [94] for refinement and energy-based scoring, and FoXS for SAXS
scoring. Both methods nearly double the success rate
relative to docking alone: pyDockSAXS succeds to rank a
near native model within top 10 predictions for 43% of
the Benchmark 2.0 cases (14 of the 84 cases were
excluded because of incomplete unbound or bound
structures), and FoXSDock succeeds in 60% of cases on
the same subset of Benchmark 2.0 cases, compared to
less than 30% for docking alone and 23% for SASREF
that uses only SAXS score without interface
optimization. The increase in the success rate of FoXSDock compared to pyDockSAXS is most likely due to the
increased resolution of configurational sampling.
The ability of a SAXS profile to distinguish between
candidate docking models depends on the shapes of
input proteins. For example, if one of the docked proteins has a globular shape, all the complexes with the
correct binding site on the other protein will have
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similar shapes, almost identical SAXS profiles, and a
similar range of low χ values, irrespective of the ligand
orientation (Figure 6a). If the shape of one of the proteins is symmetric, there will be a number of clusters
with similar shapes, SAXS profiles, and low χ values (eg,
three clusters for the triangular receptor shape;
Figure 6b).
When transient protein-protein interactions are modeled utilizing a SAXS profile, the solution sample may
contain a mixture of monomers and complexes. The
modeling procedure has to fit the experimental profile
including the monomeric and complex models, and the
weights of each component have to be determined. The
option to account for such polydispersity was recently
added to SASREF [95].
Assembly of multi domain proteins

Multi-domain proteins can be modeled from single domain structures using a SAXS profile of the whole protein. Once the linkers between the domains are added to
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obtain an initial full-length structure, it is possible to refine the initial model to match the SAXS profile as well
as possible. For short linkers, where significant contact
between the domains is expected, protein-protein docking with distance constraints to connect the domains
can be used. The BUNCH program [23] is designed specifically for the multi-domain assembly task, where the
domains are represented by rigid bodies and the linkers
are represented by a point per residue. Simulated
annealing is used to optimize the domain positions and
linker conformations. Additionally, BUNCH can simultaneously fit additional profiles that correspond to domain deletion mutants.
Macromolecular assembly

Modeling of multi-subunit complexes based only on a
SAXS profile of the complex is a challenging task, since
ambiguous results are possible even for only two subunits (Figure 6). It is important to compute and analyze
the set of all models consistent with the data, since

Figure 6 Docking models with similar shapes generate similar profiles. A) Top 10 docking models for adrenodoxin reductase-adrenodoxin
complex [PDB:1E6E], and B) top 20 docking models for PAPS reductase-thioredoxin complex [PDB:2O8V].
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multiple configurations can often have comparably good
fits. Moreover, sampling of complex configurations is
difficult, since each subunit adds six additional degrees
of freedom (three rotational and three translational parameters) to the optimization problem. SASREF [23] can
assemble multiple subunits using Simulated Annealing.
It can simultaneously fit multiple SAXS profiles from
the sub-complexes, reducing the ambiguity of the fit.
The assembly problem is further complicated by missing disordered fragments whose electron density needs
to be accounted for in SAXS profile fitting. The recently
developed CORAL method [95] addresses this problem
by combining SASREF and BUNCH. In CORAL, distance restraints are added between the endpoints of consecutive protein domains for the sampling by Simulated
Annealing. For each generated configuration, lowresolution linkers (a point per residue) are added using
the RANLOGS library [95] for the calculation of a theoretical SAXS profile and the corresponding fit score.
Modeling of symmetric assemblies with cyclic (Cn) or
dihedral (Dn) symmetry starting from a monomeric
structure is possible with GLOBSYMM [23] that performs a brute-force search of symmetric configurations.
In an integrative approach that combines stereochemical restraints, an atomic distance-dependent statistical potential, and a SAXS score, a symmetry term was
added to the scoring function to assemble the homotetramer of D-xylose isomerase [24]. The FoXSDock
method [90] can also be applied by replacing the pairwise global search module with SymmDock [96,97].

Integrative modeling with SAXS profiles
Due to the difficulty of determining the atomic structures
of multi-subunit complexes by X-ray crystallography and
NMR spectroscopy, structural characterization of these
assemblies generally benefits from using varied experimental datasets. This hybrid or integrative approach
involves a computational encoding of the standard scientific cycle of gathering data, proposing hypotheses, and
then gathering more data to test and refine those hypotheses [32,33]. First, the information is gathered from experimental data, statistical tendencies such as atomic
statistical potentials, and physical laws such as molecular
mechanics force fields, and converted into a score that
assesses a structural model. Second, the resolutions of
the representation and the corresponding scoring function for model evaluation are selected. The resolution of
the representation depends on the quantity and resolution of the available information and should be commensurate with the precision of the final ensemble of
good scoring models (when a single state is determined):
different parts of a model may be represented at different
resolutions, and one part of the model may be represented at several different resolutions simultaneously.
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The scoring function evaluates whether or not a given
model is consistent with the input information, taking
into account the uncertainty in the information. Third,
the search for models that score well is performed using
any of a variety of sampling and optimization schemes.
Fourth, the ensemble of good-scoring models needs to be
clustered and analyzed to ascertain their precision and
accuracy, and to check for inconsistent information.
Analysis can also suggest what are likely to be the most
informative experiments to perform in the next iteration.
Integrative modeling iterates through these stages until a
satisfactory model is built.
SAXS data can be easily used as part of the integrative
modeling. The first stage of data collection is rapid and
simple with a sufficient amount of purified sample.
Moreover, it is possible to collect data for sub-complexes
and then use several profiles in modeling. Multiple methods exist for scoring a given model, given a SAXS profile,
both for atomic and coarse-grained representations. The
open source Integrated Modeling Platform (IMP) software suite [33,98] includes support for a SAXS score
based on the FoXS method for models at the atomic and
coarse-grained (one point per residue) resolutions.
Since a SAXS profile provides information about the
global shape of a complex, the most informative complementary datasets are related to the interface composition.
Information about interface residues can come from a
variety of experiments, such as NMR chemical shift perturbations (CSPs) or saturation transfer (SAT) experiments [99,100], mutational analysis, hydrogen/deuterium
exchange mass spectrometry (H/DX-MS) [101], and
computational interface prediction methods [102]. Data
from NMR residual dipolar couplings (RDCs) [103-105]
and rotational diffusion tensor [106,107] resolve the relative orientation of two molecules, while a SAXS profile
can help to determine the relative translation. Distance
restraints from NMR [108], cross-linking/mass spectrometry [109] and FRET experiments can be easily converted to additional modeling restraints [110]. While
additional datasets can be used together with SAXS to
guide the modeling, it is also possible to use them for
validation of models obtained from modeling with SAXS
data only.

Conclusions
Measurement by advanced instrumentation leads to
more accurate SAXS profiles, requiring advanced computational methods for data interpretation. SAXS profiles
are being incorporated into multiple modeling tasks, including single protein structure prediction, macromolecular assemblies modeling, characterization of flexible
systems, as well as modeling of dynamics. Nevertheless,
ambiguous modeling results are possible because a SAXS
profile is spherically averaged at limited resolution. Thus,
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different models may have similar SAXS profiles all of
which are consistent with the experimental profile. The
integrative modeling approach that combines multiple
datasets may help in discriminating among these ambiguous models.
Acknowledgements
We thank Michal Hammel for providing the data for glucose isomerase,
XLF-XRCC4, and Mre11-Rad50 examples in Figures 1, 3, and 5, respectively.
We are grateful to Michal Hammel, Greg Hura, John Tainer, Tsutomu Matsui,
Thomas Weiss, Hiro Tsuruta, and David Agard for many discussions about
SAXS-based modeling. DSD has been funded by the Weizmann Institute
Advancing Women in Science Postdoctoral Fellowship. Our work on
SAXS-based modeling has been supported by NIH grants R01 GM083960,
U54 RR022220, and U54 GM094662, and Rinat (Pfizer) Inc. The SIBYLS
beamline at Lawrence Berkeley National Laboratory is supported by the DOE
program Integrated Diffraction Analysis Technologies (IDAT). We are also
grateful for computer hardware gifts from Ron Conway, Mike Homer, Intel,
Hewlett-Packard, IBM, and NetApp.
Authors’ contributions
D.S. wrote the review jointly with SJ. K. and A.S. All authors read and
approved the final manuscript.
Received: 17 April 2012 Accepted: 16 July 2012
Published: 16 July 2012
References
1. Hura GL, Menon AL, Hammel M, Rambo RP, Poole FL 2nd, Tsutakawa SE,
Jenney FE Jr, Classen S, Frankel KA, Hopkins RC, et al: Robust, highthroughput solution structural analyses by small angle X-ray scattering
(SAXS). Nat Methods 2009, 6(8):606–612.
2. Svergun DI: Small-angle X-ray and neutron scattering as a tool for
structural systems biology. Biol Chem 2010, 391(7):737–743.
3. Mertens HD, Svergun DI: Structural characterization of proteins and
complexes using small-angle X-ray solution scattering. Journal of
structural biology 2010, 172(1):128–141.
4. Jacques DA, Trewhella J: Small-angle scattering for structural biology–
expanding the frontier while avoiding the pitfalls. Protein science: a
publication of the Protein Society 2010, 19(4):642–657.
5. Grant TD, Luft JR, Wolfley JR, Tsuruta H, Martel A, Montelione GT, Snell EH:
Small angle X-ray scattering as a complementary tool for highthroughput structural studies. Biopolymers 2011, 95(8):517–530.
6. Glatter O, Kratky O: Small angle x-ray scattering. London: Academic Press;
1982.
7. Koch MH, Vachette P, Svergun DI: Small-angle scattering: a view on the
properties, structures and structural changes of biological
macromolecules in solution. Q Rev Biophys 2003, 36(2):147–227.
8. Putnam CD, Hammel M, Hura GL, Tainer JA: X-ray solution scattering
(SAXS) combined with crystallography and computation: defining
accurate macromolecular structures, conformations and assemblies in
solution. Q Rev Biophys 2007, 40(3):191–285.
9. Rambo RP, Tainer JA: Characterizing flexible and intrinsically unstructured
biological macromolecules by SAS using the Porod-Debye law.
Biopolymers 2011, 95(8):559–571.
10. Feigin LA, Svergun DI, Taylor GW: Structure analysis by small-angle X-ray and
neutron scattering. New York: Plenum Press; 1987.
11. Bernado P: Effect of interdomain dynamics on the structure
determination of modular proteins by small-angle scattering. European
biophysics journal: EBJ 2010, 39(5):769–780.
12. Rambo RP, Tainer JA: Bridging the solution divide: comprehensive
structural analyses of dynamic RNA, DNA, and protein assemblies by
small-angle X-ray scattering. Curr Opin Struct Biol 2010, 20(1):128–137.
13. Svergun DI: Restoring low resolution structure of biological
macromolecules from solution scattering using simulated annealing.
Biophys J 1999, 76(6):2879–2886.
14. Franke D, Svergun DI: DAMMIF, a program for rapid ab-initio shape
determination in small-angle scattering. Journal of Applied Crystallography
2009, 42(2):342–346.

Page 10 of 12

15. Svergun DI, Petoukhov MV, Koch MH: Determination of domain structure
of proteins from X-ray solution scattering. Biophys J 2001,
80(6):2946–2953.
16. Hammel M, Rey M, Yu Y, Mani RS, Classen S, Liu M, Pique ME, Fang S,
Mahaney BL, Weinfeld M, et al: XRCC4 protein interactions with XRCC4like factor (XLF) create an extended grooved scaffold for DNA ligation
and double strand break repair. J Biol Chem 2011, 286(37):32638–32650.
17. Fenton AW, Williams R, Trewhella J: Changes in small-angle X-ray
scattering parameters observed upon binding of ligand to rabbit muscle
pyruvate kinase are not correlated with allosteric transitions. Biochemistry
2010, 49(33):7202–7209.
18. Sali A, Blundell TL: Comparative protein modelling by satisfaction of
spatial restraints. J Mol Biol 1993, 234(3):779–815.
19. Zheng W, Doniach S: Protein structure prediction constrained by solution
X-ray scattering data and structural homology identification. J Mol Biol
2002, 316(1):173–187.
20. Zheng W, Doniach S: Fold recognition aided by constraints from small
angle X-ray scattering data. Protein Eng Des Sel 2005, 18(5):209–219.
21. Dos Reis MA, Aparicio R, Zhang Y: Improving protein template recognition
by using small-angle x-ray scattering profiles. Biophysical journal 2011,
101(11):2770–2781.
22. Wells M, Tidow H, Rutherford TJ, Markwick P, Jensen MR, Mylonas E,
Svergun DI, Blackledge M, Fersht AR: Structure of tumor suppressor p53
and its intrinsically disordered N-terminal transactivation domain.
Proceedings of the National Academy of Sciences of the United States of
America 2008, 105(15):5762–5767.
23. Petoukhov MV, Svergun DI: Global rigid body modeling of
macromolecular complexes against small-angle scattering data. Biophys J
2005, 89(2):1237–1250.
24. Förster F, Webb B, Krukenberg KA, Tsuruta H, Agard DA, Sali A: Integration
of small-angle X-ray scattering data into structural modeling of proteins
and their assemblies. J Mol Biol 2008, 382(4):1089–1106.
25. Perkins SJ, Bonner A: Structure determinations of human and chimaeric
antibodies by solution scattering and constrained molecular modelling.
Biochemical Society transactions 2008, 36(Pt 1):37–42.
26. Nishimura N, Hitomi K, Arvai AS, Rambo RP, Hitomi C, Cutler SR, Schroeder
JI, Getzoff ED: Structural mechanism of abscisic acid binding and
signaling by dimeric PYR1. Science 2009, 326(5958):1373–1379.
27. Bernado P, Mylonas E, Petoukhov MV, Blackledge M, Svergun DI: Structural
characterization of flexible proteins using small-angle X-ray scattering.
J Am Chem Soc 2007, 129(17):5656–5664.
28. Pelikan M, Hura GL, Hammel M: Structure and flexibility within proteins as
identified through small angle X-ray scattering. Gen Physiol Biophys 2009,
28(2):174–189.
29. Hammel M: Validation of macromolecular flexibility in solution by
small-angle X-ray scattering (SAXS). European biophysics journal: EBJ 2012,
in press.
30. Williamson TE, Craig BA, Kondrashkina E, Bailey-Kellogg C, Friedman AM:
Analysis of self-associating proteins by singular value decomposition of
solution scattering data. Biophys J 2008, 94(12):4906–4923.
31. Kim SJ, Dumont C, Gruebele M: Simulation-based fitting of proteinprotein interaction potentials to SAXS experiments. Biophysical journal
2008, 94(12):4924–4931.
32. Alber F, Dokudovskaya S, Veenhoff LM, Zhang W, Kipper J, Devos D,
Suprapto A, Karni-Schmidt O, Williams R, Chait BT, et al: Determining the
architectures of macromolecular assemblies. Nature 2007,
450(7170):683–694.
33. Russel D, Lasker K, Webb B, Velazquez-Muriel J, Tjioe E, SchneidmanDuhovny D, Peterson B, Sali A: Putting the pieces together: integrative
modeling platform software for structure determination of
macromolecular assemblies. PLoS biology 2012, 10(1):e1001244.
34. Svergun D, Barberato C, Koch MHJ: CRYSOL - a Program to Evaluate X-ray
Solution Scattering of Biological Macromolecules from Atomic
Coordinates. Journal of Applied Crystallography 1995, 28(6):768–773.
35. Zuo X, Cui G, Merz KM Jr, Zhang L, Lewis FD, Tiede DM: X-ray diffraction
“fingerprinting” of DNA structure in solution for quantitative evaluation
of molecular dynamics simulation. Proceedings of the National Academy of
Sciences of the United States of America 2006, 103(10):3534–3539.
36. Tjioe E, Heller WT: ORNL_SAS: software for calculation of small-angle
scattering intensities of proteins and protein complexes. Journal of
Applied Crystallography 2007, 40(4):782–785.

Schneidman-Duhovny et al. BMC Structural Biology 2012, 12:17
http://www.biomedcentral.com/1472-6807/12/17

37. Bardhan J, Park S, Makowski L: SoftWAXS: a computational tool for
modeling wide-angle X-ray solution scattering from biomolecules.
Journal of Applied Crystallography 2009, 42(Pt 5):932–943.
38. Yang S, Park S, Makowski L, Roux B: A rapid coarse residue-based
computational method for x-ray solution scattering characterization of
protein folds and multiple conformational states of large protein
complexes. Biophys J 2009, 96(11):4449–4463.
39. Park S, Bardhan JP, Roux B, Makowski L: Simulated x-ray scattering of protein
solutions using explicit-solvent models. J Chem Phys 2009, 130(13):134114.
40. Stovgaard K, Andreetta C, Ferkinghoff-Borg J, Hamelryck T: Calculation of
accurate small angle X-ray scattering curves from coarse-grained protein
models. BMC Bioinformatics 2010, 11:429.
41. Grishaev A, Guo L, Irving T, Bax A: Improved fitting of solution X-ray
scattering data to macromolecular structures and structural ensembles
by explicit water modeling. Journal of the American Chemical Society 2010,
132(44):15484–15486.
42. Schneidman-Duhovny D, Hammel M, Sali A: FoXS: a web server for rapid
computation and fitting of SAXS profiles. Nucleic Acids Res 2010,
38(Suppl):W540–W544.
43. Poitevin F, Orland H, Doniach S, Koehl P, Delarue M: AquaSAXS: a web
server for computation and fitting of SAXS profiles with non-uniformally
hydrated atomic models. Nucleic acids research 2011,
39(Web Server issue):W184–W189.
44. Virtanen JJ, Makowski L, Sosnick TR, Freed KF: Modeling the hydration
layer around proteins: applications to small- and wide-angle x-ray
scattering. Biophysical journal 2011, 101(8):2061–2069.
45. Liu H, Morris RJ, Hexemer A, Grandison S, Zwart PH: Computation of smallangle scattering profiles with three-dimensional Zernike polynomials.
Acta Crystallogr A 2012, 68(Pt 2):278–285.
46. Debye P: Zerstreuung von Röntgenstrahlen. Annalen der Physik 1915, 351
(6):809–823.
47. Fraser RDB, MacRae TP, Suzuki E: An improved method for calculating the
contribution of solvent to the X-ray diffraction pattern of biological
molecules. Journal of Applied Crystallography 1978, 11(6):693–694.
48. Lattman EE: Rapid calculation of the solution scattering profile from a
macromolecule of known structure. Proteins 1989, 5(2):149–155.
49. Sampathkumar P, Ozyurt SA, Do J, Bain KT, Dickey M, Rodgers LA, Gheyi T,
Sali A, Kim SJ, Phillips J, et al: Structures of the autoproteolytic domain
from the Saccharomyces cerevisiae nuclear pore complex component,
Nup145. Proteins 2010, 78(8):1992–1998.
50. Konarev PV, Volkov VV, Sokolova AV, Koch MHJ, Svergun DI: PRIMUS: a
Windows PC-based system for small-angle scattering data analysis.
Journal of Applied Crystallography 2003, 36(5):1277–1282.
51. Hammel M, Rey M, Yu Y, Mani RS, Classen S, Liu M, Pique ME, Fang S,
Mahaney BL, Weinfeld M, et al: XRCC4 protein interactions with
XRCC4-like factor (XLF) create an extended grooved scaffold for DNA
ligation and double strand break repair. The Journal of biological chemistry
2011, 286(37):32638–32650.
52. Fiser A: Template-based protein structure modeling. Methods in molecular
biology 2010, 673:73–94.
53. Remmert M, Biegert A, Hauser A, Soding J: HHblits: lightning-fast iterative
protein sequence searching by HMM-HMM alignment. Nature methods
2012, 9(2):173–175.
54. Rykunov D, Steinberger E, Madrid-Aliste CJ, Fiser A: Improved scoring
function for comparative modeling using the M4T method. Journal of
structural and functional genomics 2009, 10(1):95–99.
55. Kiefer F, Arnold K, Kunzli M, Bordoli L, Schwede T: The SWISS-MODEL
Repository and associated resources. Nucleic acids research 2009,
37(Database issue):D387–D392.
56. Kim DE, Chivian D, Baker D: Protein structure prediction and analysis
using the Robetta server. Nucleic acids research 2004,
32(Web Server issue):W526–W531.
57. Zhang Y: I-TASSER server for protein 3D structure prediction.
BMC Bioinformatics 2008, 9:40.
58. Pieper U, Webb BM, Barkan DT, Schneidman-Duhovny D, Schlessinger A,
Braberg H, Yang Z, Meng EC, Pettersen EF, Huang CC, et al: ModBase, a
database of annotated comparative protein structure models, and
associated resources. Nucleic acids research 2011,
39(Database issue):D465–D474.
59. Yang Z, Lasker K, Schneidman-Duhovny D, Webb B, Huang CC, Pettersen EF,
Goddard TD, Meng EC, Sali A, Ferrin TE: UCSF Chimera, MODELLER, and

Page 11 of 12

60.

61.

62.
63.

64.

65.

66.

67.
68.

69.

70.

71.

72.
73.
74.

75.

76.

77.

78.

79.

80.

81.

IMP: An integrated modeling system. Journal of structural biology 2011,
in press.
Sokolova AV, Volkov VV, Svergun DI: Prototype of a database for rapid
protein classification based on solution scattering data. Journal of Applied
Crystallography 2003, 36(3 Part 1):865–868.
Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE: The Protein Data Bank. Nucleic acids research
2000, 28(1):235–242.
Krissinel E, Henrick K: Inference of macromolecular assemblies from
crystalline state. Journal of Molecular Biology 2007, 372(3):774–797.
Levy ED, Pereira-Leal JB, Chothia C, Teichmann SA: 3D complex: a
structural classification of protein complexes. PLoS computational biology
2006, 2(11):e155.
Gorba C, Tama F: Normal Mode Flexible Fitting of High-Resolution
Structures of Biological Molecules Toward SAXS Data. Bioinform Biol
Insights 2010, 4:43–54.
Zheng W, Tekpinar M: Accurate flexible fitting of high-resolution protein
structures to small-angle x-ray scattering data using a coarse-grained
model with implicit hydration shell. Biophysical journal 2011,
101(12):2981–2991.
Yang S, Blachowicz L, Makowski L, Roux B: Multidomain assembled states
of Hck tyrosine kinase in solution. Proceedings of the National Academy of
Sciences of the United States of America 2010, 107(36):15757–15762.
Rozycki B, Kim YC, Hummer G: SAXS ensemble refinement of ESCRT-III
CHMP3 conformational transitions. Structure 2011, 19(1):109–116.
Williams GJ, Williams RS, Williams JS, Moncalian G, Arvai AS, Limbo O,
Guenther G, SilDas S, Hammel M, Russell P, et al: ABC ATPase signature
helices in Rad50 link nucleotide state to Mre11 interface for DNA repair.
Nature structural & molecular biology 2011, 18(4):423–431.
Kathuria SV, Guo L, Graceffa R, Barrea R, Nobrega RP, Matthews CR, Irving
TC, Bilsel O: Minireview: structural insights into early folding events using
continuous-flow time-resolved small-angle X-ray scattering. Biopolymers
2011, 95(8):550–558.
Uzawa T, Kimura T, Ishimori K, Morishima I, Matsui T, Ikeda-Saito M,
Takahashi S, Akiyama S, Fujisawa T: Time-resolved small-angle X-ray
scattering investigation of the folding dynamics of heme oxygenase:
implication of the scaling relationship for the submillisecond
intermediates of protein folding. J Mol Biol 2006, 357(3):997–1008.
Wu Y, Kondrashkina E, Kayatekin C, Matthews CR, Bilsel O: Microsecond
acquisition of heterogeneous structure in the folding of a TIM barrel
protein. Proc Natl Acad Sci U S A 2008, 105(36):13367–13372.
Kim SJ, Matsumura Y, Dumont C, Kihara H, Gruebele M: Slowing down
downhill folding: a three-probe study. Biophysical journal 2009, 97(1):295–302.
Lindorff-Larsen K, Piana S, Dror RO, Shaw DE: How fast-folding proteins
fold. Science 2011, 334(6055):517–520.
Tuma R, Tsuruta H, French KH, Prevelige PE: Detection of intermediates
and kinetic control during assembly of bacteriophage P22 procapsid.
J Mol Biol 2008, 381(5):1395–1406.
Lee KK, Tsuruta H, Hendrix RW, Duda RL, Johnson JE: Cooperative
reorganization of a 420 subunit virus capsid. J Mol Biol 2005,
352(3):723–735.
Matsui T, Tsuruta H, Johnson JE: Balanced electrostatic and structural
forces guide the large conformational change associated with
maturation of T = 4 virus. Biophysical journal 2010, 98(7):1337–1343.
Vestergaard B, Groenning M, Roessle M, Kastrup JS, van de Weert M, Flink JM,
Frokjaer S, Gajhede M, Svergun DI: A helical structural nucleus is the primary
elongating unit of insulin amyloid fibrils. PLoS Biol 2007, 5(5):e134.
Fowler AG, Foote AM, Moody MF, Vachette P, Provencher SW, Gabriel A,
Bordas J, Koch MH: Stopped-flow solution scattering using synchrotron
radiation: apparatus, data collection and data analysis. J Biochem Biophys
Methods 1983, 7(4):317–329.
Chen L, Wildegger G, Kiefhaber T, Hodgson KO, Doniach S: Kinetics of
lysozyme refolding: structural characterization of a non-specifically
collapsed state using time-resolved X-ray scattering. Journal of Molecular
Biology 1998, 276(1):225–237.
Perez J, Vachette P, Russo D, Desmadril M, Durand D: Heat-induced unfolding
of neocarzinostatin, a small all-beta protein investigated by small-angle
X-ray scattering. Journal of Molecular Biology 2001, 308(4):721–743.
Ghoorah AW, Devignes MD, Smail-Tabbone M, Ritchie DW: Spatial
clustering of protein binding sites for template based protein docking.
Bioinformatics 2011, 27(20):2820–2827.

Schneidman-Duhovny et al. BMC Structural Biology 2012, 12:17
http://www.biomedcentral.com/1472-6807/12/17

82. Kundrotas PJ, Zhu Z, Vakser IA: GWIDD: Genome-wide protein docking
database. Nucleic acids research 2010, 38(Database issue):D513–D517.
83. Sinha R, Kundrotas PJ, Vakser IA: Protein docking by the interface
structure similarity: how much structure is needed? PLoS ONE 2012,
7(2):e31349.
84. Stein A, Ceol A, Aloy P: 3did: identification and classification of domainbased interactions of known three-dimensional structure. Nucleic acids
research 2011, 39(Database issue):D718–D723.
85. Winter C, Henschel A, Kim WK, Schroeder M: SCOPPI: a structural
classification of protein-protein interfaces. Nucleic acids research 2006,
34(Database issue):D310–D314.
86. Tuncbag N, Keskin O, Nussinov R, Gursoy A: Fast and accurate modeling of
protein-protein interactions by combining template-interface-based
docking with flexible refinement. Proteins 2012, 80(4):1239–1249.
87. Vajda S, Camacho CJ: Protein-protein docking: is the glass half-full or
half-empty? Trends Biotechnol 2004, 22(3):110–116.
88. Lensink MF, Wodak SJ: Docking and scoring protein interactions: CAPRI
2009. Proteins 2010, 78(15):3073–3084.
89. Pons C, D’Abramo M, Svergun DI, Orozco M, Bernado P, Fernandez-Recio J:
Structural characterization of protein-protein complexes by integrating
computational docking with small-angle scattering data. J Mol Biol 2010,
403(2):217–230.
90. Schneidman-Duhovny D, Hammel M, Sali A: Macromolecular docking
restrained by a small angle X-ray scattering profile. J Struct Biol 2011,
173(3):461–471.
91. Gabb HA, Jackson RM, Sternberg MJ: Modelling protein docking using
shape complementarity, electrostatics and biochemical information.
Journal of molecular biology 1997, 272(1):106–120.
92. Cheng TM, Blundell TL, Fernandez-Recio J: pyDock: electrostatics and
desolvation for effective scoring of rigid-body protein-protein docking.
Proteins 2007, 68(2):503–515.
93. Duhovny D, Nussinov R, Wolfson HJ: Efficient Unbound Docking of Rigid
Molecules. In Second International Workshop, WABI 2002. Rome, Italy:
Springer Berlin/Heidelberg; 2002:185–200.
94. Andrusier N, Nussinov R, Wolfson HJ: FireDock: fast interaction refinement
in molecular docking. Proteins 2007, 69(1):139–159.
95. Petoukhov MV, Franke D, Shkumatov AV, Tria G, Kikhney AG, Gajda M, Gorba
C, Mertens HDT, Konarev PV, Svergun DI: New developments in the ATSAS
program package for small-angle scattering data analysis. Journal of
Applied Crystallography 2012, 45(2):342–350.
96. Schneidman-Duhovny D, Inbar Y, Nussinov R, Wolfson HJ: Geometry-based
flexible and symmetric protein docking. Proteins 2005, 60(2):224–231.
97. Schneidman-Duhovny D, Inbar Y, Nussinov R, Wolfson HJ: PatchDock and
SymmDock: servers for rigid and symmetric docking. Nucleic Acids Res
2005, 33(Web Server issue):W363–W367.
98. Webb B, Lasker K, Schneidman-Duhovny D, Tjioe E, Phillips J, Kim SJ,
Velazquez-Muriel J, Russel D, Sali A: Modeling of proteins and their
assemblies with the integrative modeling platform. Methods in molecular
biology 2011, 781:377–397.
99. Bonvin AM, Boelens R, Kaptein R: NMR analysis of protein interactions.
Curr Opin Chem Biol 2005, 9(5):501–508.
100. Wang X, Lee HW, Liu Y, Prestegard JH: Structural NMR of protein
oligomers using hybrid methods. Journal of structural biology 2011,
173(3):515–529.
101. Kaveti S, Engen JR: Protein interactions probed with mass spectrometry.
Methods in molecular biology 2006, 316:179–197.
102. de Vries SJ, Bonvin AM: CPORT: a consensus interface predictor and its
performance in prediction-driven docking with HADDOCK. PLoS ONE
2011, 6(3):e17695.
103. McCoy MA, Wyss DF: Structures of protein-protein complexes are docked
using only NMR restraints from residual dipolar coupling and chemical
shift perturbations. Journal of the American Chemical Society 2002,
124(10):2104–2105.
104. Grishaev A, Ying J, Canny MD, Pardi A, Bax A: Solution structure of tRNAVal
from refinement of homology model against residual dipolar coupling
and SAXS data. Journal of biomolecular NMR 2008, 42(2):99–109.
105. Berlin K, O’Leary DP, Fushman D: Structural assembly of molecular
complexes based on residual dipolar couplings. Journal of the American
Chemical Society 2010, 132(26):8961–8972.

Page 12 of 12

106. van Dijk AD, Kaptein R, Boelens R, Bonvin AM: Combining NMR relaxation
with chemical shift perturbation data to drive protein-protein docking.
Journal of biomolecular NMR 2006, 34(4):237–244.
107. Ryabov Y, Fushman D: Structural assembly of multidomain proteins and
protein complexes guided by the overall rotational diffusion tensor.
Journal of the American Chemical Society 2007, 129(25):7894–7902.
108. Jehle S, Rajagopal P, Bardiaux B, Markovic S, Kuhne R, Stout JR, Higman VA,
Klevit RE, van Rossum BJ, Oschkinat H: Solid-state NMR and SAXS studies
provide a structural basis for the activation of alphaB-crystallin
oligomers. Nature structural & molecular biology 2010, 17(9):1037–1042.
109. Rappsilber J: The beginning of a beautiful friendship: cross-linking/mass
spectrometry and modelling of proteins and multi-protein complexes.
Journal of structural biology 2011, 173(3):530–540.
110. Brunger AT, Strop P, Vrljic M, Chu S, Weninger KR: Three-dimensional
molecular modeling with single molecule FRET. Journal of structural
biology 2011, 173(3):497–505.
doi:10.1186/1472-6807-12-17
Cite this article as: Schneidman-Duhovny et al.: Integrative structural
modeling with small angle X-ray scattering profiles. BMC Structural
Biology 2012 12:17.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

