
Small-Angle Scattering as a complementary 
technique in structural biology

Edward H. Snell
CEO Hauptman-Woodward Medical Research Institute



Crystallography Requires Crystals

HR9027A.007



No crystal …

No crystallography ….

No crystallographer ….



However …

• It is possible to get low resolution structural information 
from a protein or complex in solution.

• This can tell you about the foldedness and dynamics of the 
system.

• It can position known structural information in a complex.

• It can determine the area sampled by flexible regions not 
resolvable crystallographically.

• It is not limited to the chemistry where crystallization 
occurs.

• It can determine if gross structural changes occur.

• It can be used to provide information to guide crystallization

• New algorithms may enable direct electron density 
determination.



Introduction to Small Angle Solution Scattering 
(X-ray or Neutron)

(one of several complementary techniques)



Many illustrations in this talk are from Grant, Lattman, and Snell: Biological Small Angle 
Scattering: Theory and Practice, IUCr Monograph, Oxford University Press, to be published 2017



Small Angle Scattering

• A solution is illuminated with a parallel, monochromatic X-ray or 
neutron beam, and the scattered radiation is collected on a detector 
placed far back from the specimen. Because the solution is 
homogeneous and isotropic, the observed scattering pattern is circularly 
symmetric. The full pattern, a three-dimensional function in diffraction 
space, is spherically symmetric. 

• The term solution scattering is applied to the general phenomenon, 
with the term small angle scattering reserved for the most common 
application in which observations are confined to radiation scattered 
within a small angular cone around the main beam.

• Both X-rays and neutrons are used with the terminology Small-Angle X-
ray scattering (SAXS) and Small-Angle Neutron Scattering (SANS).

• For the most part, discussions on SAXS and SANS are interchangeable 
but each has specific advantages and disadvantages



Experimentally, small-angle scattering is simple, practically it is very challenging

• Particles in solution tumble – spherically averaged intensity is recorded.
• Radial integration results in one dimensional SAXS profile.
• Larger particles scatter at smaller angles.
• Analysis of the 1D profile  yields information about size and shape.

SAXS is everything behind the beamstop





SAXS is a Contrast Technique



SAXS data (what you get from the beam)



SAXS data is the sample data with the buffer signal subtracted

q=4πsinθ/λ



SAXS consists of intensity due to the from factor and 
interparticle contributions



Similar to data from light scattering and can be used in the same manner



Sample characterization: Guinier approximation





Approximation only valid over a certain region 
of scattering space



The Shape of the Scattering Curve is important 
but not the absolute intensity



Scattering is in Fourier space, transform to 
real space



P(r) (Pair distribution 
function) plot is 

simply the histogram 
of interatomic 

scattering

Larger compact 
molecules have a high 
distribution at lower 

angle (consider 
detector distance etc.)

Fourier space yields 
frequency of interatomic 

scattering vectors as a 
function of the length of 

the vector



Two-dimensional examples



Pair distribution function is used to determine 
the maximum particle dimension

The maximum particle dimension is given by the distance between the furthest interatomic 
scattering



Data

From: Small-angle scattering studies of biological macromolecules in solution, Svergun and Koch, Rep. Prog. 
Phys., 1735-1782 (2003)



Pair distribution function

Fourier transform of data.
From: Small-angle scattering studies of biological macromolecules in solution, Svergun and Koch, Rep. Prog. 
Phys., 1735-1782 (2003)



What can possibly go wrong?



Sometimes a unique reconstruction is not available.



A limitation of the technique is that 
good or bad data can produce a 

result
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Lets take some ‘scattering’ data



Envelope Reconstruction

• Produce 10-20 ab initio reconstructions

• Determine the most probable model, i.e. the least different 
from the rest and align all to this.

• Estimate the similarity of the models using the Normalized 
Spatial Discrepancy (NSD)
– Average NSD ~ 0.5 implies good stability of solution

– Average NSD ~ 0.7-0.9 implies fair stability

– Average NSD > 1.0 implies poor stability.

• NSD can yield some idea of flexibility or possible oligomeric
mixtures.

• DAMAVER can be used to select the most populated volume 
from all reconstructions



NSD = 0.613, 20 reconstructions
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Actually two populations

Both are correct, i.e. 
they explain the 
scattering data

A Bull or a Bear market!





Quality in SAXS data





Characterization of samples from 
SAXS data





Practical SAXS data



SSRL Beamline 4-2

http://www.facebook.com/photo.php?pid=36981106&id=15711802
http://www.facebook.com/photo.php?pid=36981110&id=15711802
http://www.facebook.com/photo.php?pid=36981112&id=15711802


High throughput 

protocol

Up to 12 different PCR strips.

3-7 different concentrations per 

sample.

For high-throughput studies, 2 samples 

per strip, 24 samples in total

Start with buffer then lowest 

concentration first. End with buffer

8 exposures, 1-2s each dependent on 

sample molecular weight, buffer and 

concentration.

Oscillate sample to minimize radiation 

damage

Repeat the buffer.

Load next sample

Time per concentration series – approximately 10 to 15 minutes. In high-throughput mode 
24 samples in 3 to 4 hours.

Enables two important things – eat and sleep!



1.5 mg/ml 3.1 mg/ml 4.6 mg/ml

6.1 mg/ml 7.7 mg/ml



Radial integration with significant oversampling



Small angle 
scattering data 

near the 
beamstop





SAXS can determine ab initio 
molecular envelopes



1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing 
protein LegL7 (39 kDa)

4). E. Coli. Cystine desulfurase 
activator complex (170 kDa)

Ab intio envelopes 



Ab initio envelopes are 
compatible with structural 

models



1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing 
protein LegL7 (39 kDa)

4). E. Coli. Cystine desulfurase 
activator complex (170 kDa)

Overlaid with subsequent X-ray structures



And they provide extra 
information on residues 

present in the construct but 
structurally undefined



1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing 
protein LegL7 (39 kDa)

4). E. Coli. Cystine desulfurase 
activator complex (170 kDa)

And data on what was missing …

12 missing residues 
in X-ray structure

53 missing residues 
in X-ray structure





Comparing X-ray structures



Comparing NMR 
structures

20 lowest energy
Conformations

shown





12 missing residues – artifact of aggregation or assymetric

12 missing residues –
artifact of aggregation or 
asymmetric?

Diguanylate cyclase

Globular region fits well

SAXS may provide more questions



Sensory Box/GGDEF Protein Family

34 missing residues

When  a significant 
percentage of the residues 
are missing in a structure 
positioning within an 
envelope may be ambiguous 
– a potato is a potato. SAXS may be ambiguous



MucBP Domain 
of PEPE_0118

24 missing residues

Biological unit was 
thought to be a dimer
from crystallography.

Solution state is not.

The biological state is 
not necessarily the 
solution or 
crystallographic state. In this case the 

asymmetry allowed 
fitting

SAXS distinguishes solution states



Size matters

13 missing residues

SAXS is not just about shape of the 
envelope but also it’s overall size. 
The envelope produced reflects 
the size of the sample.



But ab initio shape reconstruction is the least
useful capability for SAXS

• It is possible to accurately model a SAXS or SANS profile

• SAXS and SANS data provides

• Molecular mass M

• Radius of gyration Rg

• Porod invariant Q

• Particle volume V

• Maximum particle dimension Dmax

• Particle surface area S

• Correlation length lc

• Volume of correlation Vc

• SAXS can be used to test hypothesis ut not validate them.



The Structure of the PanD/PanZ Protein Complex Reveals 
Negative Feedback Regulation of Pantothenate Biosynthesis 

by Coenzyme A Monteiro, et al., Chemistry & Biology Volume 
22, Issue 4, Pages 492-503 (April 2015) 



Identification of 
mixtures if you 
know the initial 

structure 
(another story)



2izz from the PDB
(5 chains in PDB) 3gt0 from the PDB

Solution envelope from BcR38B-21.20-
SeMa-Gf (3gt0)

Biological unit based 
on 2izz and SAXS

Crystal packing artifact

Correct position for 
5th chain

~165A ~165A

Another story





Small Angle Scattering with Neutrons





Contrast matching (more difficult in the X-ray case)









Scattering curve from Southern Bean 
Mottle virus in solutions of different D2O 
content. The continuous line with 69.5% 
D2O and scattering mostly due to the 
protein shell and the dashed line with 
solvent content 42% D2O and the 
scattering mostly by the nuclein acid 
(RNA). The subsidiary maxima are shifted 
to a larger q which indicate that the 
sphere that approximates the volume 
occupied by the RNA has a smaller 
diameter than the virus (Chauvin et al., 
1976). 



SAXS in the laboratory
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The shape of the scattering 

curve rather than the absolute 

value is the data (assuming the 
signal is above the noise)



The near future



X-ray free electron lasers
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SAXS experiments capture short time points at low concentrations

Time resolved studies and potentially extension of resolution



New algorithms – Direct electron density determination



Summary

• SAXS is a solution technique.

• It can characterize a sample to determine if crystallization 
should be attempted and the potential level of difficulty

• When other structural information is known it is a powerful 
complementary technique.

• It can reveal the solution oligomer and the spatial sampling of 
flexible regions.

• It’s easy to make mistakes with it and preparation is critical.
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Thank you and questions?


