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What is SAXS?

defining slit

guard slit

sample

detector 

• collect the signal scattered from the specimen close to the primary beam

• need the sample-to-detector distance large

• beam must be well collimated (i.e. parallel or slightly convergent)

• Minimal halo around the incident beam

• most of the beam path under vacuum and minimimal window scattering

• BioSAXS: specimen is weakly scattering so high photon flux advantageous

Small
Angle
X-ray
Scattering



Different flavors of BioSAXS @ SSRL BL4-2

Other

• ASAXS
• …

Fiber diffraction
• TM-virus
• prion fibers
• spider silk Lipid diffraction & GiSAXS

• lipid vesicles (multilamellar, unilamellar)
• complex systems (lipid-protein/DNA, biomaterials)
• aligned lipid membranes
• phase mapping

Time-resolved 
(solution) scattering

• Protein  conformation 
changes/folding
• Virus maturation
• crystallization/biomineralization

Capsid 
(d=420A)

Procapsid
(d=480A)

Solution scattering & SEC-SAXS
• Protein and large assemblies (kDa to few MDa)
• Protein-DNA/RNA complexes 

BL4-2



orientational average of scattering signal due to 
molecular motion in solution

The (solution) SAXS Experiment

Modelling of 

structure

isotropic scattering signal
the 2D detector image is integrated to yield I(q) vs q  (1-D data curve)



Diffraction and Scattering



A Brief SAXS History in Biology
1895 – Discovery of X-rays

W.C. Röntgen

1923 – First observation of SAXS

P. Krishnamurti & C. Raman

1913 – Braggs law

W.L. Bragg & W.H. Bragg

1939 – Systematic Investigation of SAXS

A. Guinier

1950’s – Theoretical framework for Analysis

& first applications to protein solution

Guinier, Fournet, Porod, Kratky et al.

1960’s, 70’s and 80’s – increasing application of SAXS in biology

Stuhrmann, Kirste, Pardon, Koch, Capel, Glatter …

1990’s and beyond – SAXS is being established as major 

tool in structural biology

Bio-SAS Publications in 

PubMed (1971 – 2016)



Scattering Basics …



• waves have and amplitude and phase

• interference leads to fringe pattern

• the fringe pattern contains the information on 
the position of the sources (i.e. structure)

• in diffraction/scattering experiments the 
intensities (i.e. the square of the amplitudes) of 
the fringes are measured

constructive destructive

Interference of Waves



Interference of Scattered Waves

two scattering centers separated by r

r

S0

S

+   incoming plane wave S0 with wavelength λ



0kkq −=scattering vector 


 sin4
== qqwith sk



2
= and

Interference of Scattered Waves

two scattering centers separated by r +   incoming plane wave S0 with wavelength λ

pathlength difference between scattered waves:    Δ = (S – S0)· r

S0

S



f (q) = fe exp(iq ×ri )
i=1

N
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å = fe(1+ exp(iq ×r))

two scattering centers

… generalized to N centers

0kkq −=scattering vector 

Note:
f(q) is the Fourier 
Transform of the 
spatial distribution 
of the electrons

f (q) = f (q) = fe
sin(qri )
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N
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… averaged over all orientations 

applying this to atoms with a continuous (radial) 
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Interference of Scattered Waves



Debye formula
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The scattering amplitude or form factor, F(q), of an isolated molecule with N atoms can 
be determined in an analogous manner:

The scattered intensity from the isolated molecule is then 

In solution: 
average over all orientations

i.e. the Fourier Transform 
of the atomic distribution 
in the molecule

due to solution average only 
interatomic distances are 
measured, not atomic 
coordinates

Scattering from Molecules
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Recall: the scattered intensity from an isolated molecule in solution is: 

More than one Molecule ?

2
( ) ( )I q N F q=

with N molecules in solution: 

( )S q

Structure Factor or Interference Function
Information on the relative position of the 
scatterers/molecules

Form Factor of the Scatterer/Molecule
Information on the structure or shape of the 
molecule itself



Structure Factor

S(q)
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S(q)
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q

uncorrelated attractive 

interaction

repulsive 

interaction
lattice



Solution SAXS concepts …



• The solvent scattering background must be properly subtracted 
to obtain the signal from the particles

• the contrast, that makes the particles “visible” for X-rays, is the 
difference in electron density with respect to the solvent

)(qI solution )(qI solvent
)(qI particle

2))(( sr  −

Background Scattering and Contrast



• weak level of scattering  at small angles

• drops off quickly for higher angles

• due to low contrast scattering level of 
background and sample is very similar 
except for the lowest angles

• background and sample scattering need 
to be measured with high accuracy 

• a 1mg/ml solution of a globular protein 
of the size of lysozyme (14kD) scatters on 
the order of:

1 out of 106 incident photons

Protein solution scattering data

@ 11keV



Rg
2 is the average electron density weighted 

squared distance of the scatterers from the 
center of the object 

in other words: the second moment of the 
electron density

Rg
2 =(12+ 12+ 12+ 22+ 22+ 32 )/6=20/6

Rg=√3.333 = 1.82
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• Solid sphere radius R:

Rg = √(3/5) R

• Thin rod length L

Rg = √(1/12) L

• Thin disk radius R:

Rg = √(1/2) R

Rg : Radius of Gyration
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The low-q region of the scattering curve is characteristic 
for the overall dimension of the particle.

“The Guinier Plot”

Radius of gyration: 
size of the particle

I0 is proportional to Mw

Deviation from the straight line in the 
Guinier plot at low q indicate 
intermolecular interaction or aggregation

The Guinier Approximation



BSA and Lysozyme

qRg < 1.3 (globular proteins)



Rg of some model shapes and proteins

Shape Parameter Relationship

Sphere Radius: R 𝑅𝑔
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Protein
Molecular 

Weight
Rg (A)

Ribonucleas
e

12.7kD 14.8

Lysozyme 14.8kD 15.1

BSA 68kD 28.7

Myosin 493kD 468

TMV 3.9 103 kD 924

1

2

2 4
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“The Guinier Plot”
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i.e. the number of (excess) 
electrons in the sample

( ) 2

00  −= partial

aN

cMV
I

c: concentration
M: molecular mass
V: Volume

: partial specific Vol.
: prot. e-density
0: solvent e-density

The Guinier Approximation



The p(r) function represents the histogram of 
distances between pairs of points within the 
particle. Dmax is the maximum diameter in the 
particle.

Measured scattering intensity Pair distance distribution
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Pair Distance Distribution Function:  p(r)



Adopted from Svergun & Koch, “SAS studies of biological macromolecules in solution”, Rep. Prog. Phys. 66 (2003) 1735-1782, Fig. 5 (c)I

Scattering from Model Structures
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Adopted from Svergun & Koch, “SAS studies of biological macromolecules in solution”, Rep. Prog. Phys. 66 (2003) 1735-1782, Fig. 5 (c)I

Scattering from Model Structures



• Kratky plot:   I(q) *q2 vs.  q

• sensitive to the compactness of a 
protein

• flexibility can be inferred

• unfolded and folded states of 
proteins are easy to distinguished 
and folding kinetics and be 
followed

• Monomer-dimer equilibrium

Kratky Plots

Akiyama et al., PNAS, 99, (2002)



• using spherical harmonics to produce molecular 
envelopes that fit the experimental scattering data

3D Envelop models

• fitting the scattering data using bead  as 
scattering centers 
• so-called dummy residues (scattering centers 
representing the Ca atoms of the residues)

3D Bead models

Can be extremely powerful particularly if combined 
with (partial) crystal structures if available!

but be careful:
you will always get a structure from these 
programs, but it doesn’t mean they make 
sense

Program packages:
• ATSAS from EMBL Hamburg (Svergun group)
• IMP from UCSF (Sali group)
• SAXS3D from Stanford (Doniach group)
• SASTBX from LBL (Zwart group)
• …

Low resolution structure determination



Example: DAMMIN analysis of  Lysozyme

Low resolution structure determination



June 2015 @CHESS Users' Meeting

■ DEBS (6-deoxyerythronolide B synthase) is a prototype 

of polyketide synthase (PKS) 

■ Biosynthesize polyketides, a class of secondary 

metabolite in an assembly line fashion

■ DEBS is composed of total of six catalytically 

independent modules (M1 – M6), loading domain (LD) 

and terminal domain (TE); MW ~2MDa

(Edwards, et al., JMB 426, 2229 (2014))

Application: Architecture of large synthases



June 2015 @CHESS Users' Meeting

■ Whole-module and bimodular proteins of DEBS were 

determined using SAXS.

■ Architecture of whole-module was hierarchically-

determined based on those fragment structures 

■ Structures were determined under catalytically active 

conditions

(Edwards, et al., JMB 426, 2229 

(2014))

Application: Architecture of large synthases



Structure-Function Mapping Of The Nuclear Pore

Nuclear Pore Complex (NPC)

Nup192

Rigid Body & ab-initio Models 

compared to crystal Structure

• ~50MDa, 35nm inner diameter

• 30 distinct proteins (nucleoporins), total 456 individual proteins

• Structure and conformational flexibility important for function

Conformational Ensemble

Nup133

Pom152

ab-initio Models compared 

to crystal Structure

IM Model with SAXS envelope

Nup116

Samphatkumar, P. et al., Proteins:Struct

Funct Bioinform (2012)

Samphatkumar, P. et al., Structure (2013)
Upla, P. et al., Structure (2017)

Samphatkumar, P. et al., Proteins:Struct

Funct Bioinform (2011)



Conformational Ensembles and Flexible systems



Structural information from SAXS

• Radius of gyration (globular, cross-sectional etc.)
• molecular weight (monomer, dimer, multimer ..)
• pair-distance distribution function
• low-resolution envelope 
• ab-initio structures ( > 1nm resolution)
• information on flexibility (Kratky plot, Ensemble analysis methods)
• interaction potentials 
• …

• protein under (almost) any solution conditions
• large protein complexes (no need for crystals)
• unfolded or partially folded proteins
• complex systems (protein-DNA, protein-lipid …)
• reaction kinetics (time-resolved studies)
• crystallization and biomineralization
• ….

Systems that can be studies by SAXS

SAXS in Structural Biology



Thank you !!


