
The basis of Small Angle X-ray Scattering 
and comparison to X-ray crystallography 
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Plan of presentation 
²   Position of SAXS with respect to  
                               other structural methods 
 
²   Data acquisition and experimental setup 
                           
 
²   Brief theory and principles of  
                             small angle X-ray scattering  
 
²   What do we measure? 
 
 
²   Data interpretation :  
                     modeling structures into envelopes 
                       
²  comparison (and complementarity) to crystallography 
                             quality control, advantages and limits 
                



 Overview of structural methods 

Tissues Cells Organelles (Macro)molecules Atoms 

1 mm        100 µm     10 µm    1 µm      100 nm       10 nm    1 nm   0.1nm  0.01 nm 
Light microscopy 

Electron tomography 

Small-angle x-ray scattering 

Cryo-electron microscopy 

X-ray crystallography 

Nuclear magnetic resonance 

X-FEL 



 
Ø  Structural heterogeneity 
Ø  Flexibility of polypeptide chain 
Ø  low compactness 
Ø  non recombinant protein, or too large for RMN and too small for EM 



SAS in transmission mode with 2D detector 



 
 
 

 
 
 

Origin of diffusion 

the diffusion arises from heterogeneity of density 
of scattering lengths between macromolecules and the surrounding solvent 
 
while the diffusing material and its solvent are homogenous 
 
the waves are scattered once or not at all (no multiple diffusion) 



scattering 

The principle of X-ray diffusion 



What are we measuring? 



Experimental setup Argon National Lab USA 



Important parameters to set up an experience 
- (minimum 50 microL)  ⇒ 2-10 mg of protein 

 
- Dialysis buffers + radio protectant (DTT (TCDE), glycerol, etc.)  

 
- HPLC SEC-SAXS: exposure time 30 x 500ms 

Sample 

Detector 3  4m 4 

SWING Soleil 



Experimental conditions 

SAXS	
   Crystallography	
  



Comparison of methods 

SAXS	
   crystallography	
  

average of conformation in solution average of atomic crystal structure 

qmax	
   θmax	
  

detector	
   detector	
  

incident	
  	
  
beam	
  

incident	
  	
  
beam	
  

data	
  treatment	
   data	
  treatment	
  

3D	
  atomic	
  structure	
  envelope,	
  shape	
  

Analyses	
  
ab	
  ini&o	
  

molecular	
  modeling	
  

Phasing	
  
molecular	
  replacement	
  

MAD,	
  SAD,	
  MIR…	
  

LimiCng	
  factors	
  :	
  aggregaCon,	
  heterogeneity	
  	
  	
   LimiCng	
  factors	
  :	
  diffracCng	
  crystals,	
  phasing	
  signal	
  



The measurement of diffusion often contains a lot of ‘noise’  

Isolution(q) =   Ibuffer (q)   +   Isolute (q) 



Ln
 I 

q q=0    ( determination of I(0) ) 
 
molecular weight (Mw), oligomerisation state 
and intermolecular interactions in solution 

 
Region of small q 
 
Particle dimensions (Radius of giration) 
 
Region of larger q  
  
Particle overall shapes 
(polypeptide chain conformations in 
solution)  

the diffusion vector q : 
reciprocal space, inverse of a 
distance 
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Guinier Law:  
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The radius of gyration 

⇒ Mean square of atomic distances from center of gravity, 

   (weighted by electron density ρ(r) ) 

Data Analysis : Guinier law 

The Guinier law is equivalent to a linear variation of Ln(Iq) vs q2 è Guinier plot  
A linear regression on the experimental Guinier plot directly provides Rg and Io  

Close to q=0 the scattering of a particel can be described 
 by a Gaussian curve 



⇒   Determination of average dimension of the particle  
⇒   Determination of its molecular mass 

I(0) ∝ c.Mw/N  (Cste) 



Rg : Mean square of atomic distances from center of gravity, 
(weighted by electron density ρ(r) ) 



Relation of RG to molecular weight (Mw) –  
                      roughly linear ONLY for spherical proteins 



	
  
Figures	
  from:	
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Direct information from scattering 
SAXS	
   crystallography	
  

resoluCon	
  limit	
  3.1	
  Å	
  

quality	
  of	
  diffracCon	
  

unit	
  cell	
  &	
  
space	
  group	
  

quality	
  of	
  signal	
  at	
  large	
  q	
  
AggregaCon?	
  

Guinier	
  plot	
  :	
  Rg	
  and	
  Mw	
  



Dimensionless Kratky-plot of 
(partially) unfolded proteins 



Porod law 
Hypothesis : the particle has a well defined interface  

with the surrounding buffer and a uniform electron density  



courtesy by Aurelien Thureau 
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=> Transformation into real space with a Fourrier 
transform F (I(q)) : 

( ) ∫== dqeP r.q(q)(q)(r)
!!i-IIF

- Function of distribution of 
distances between all 
atomes. 

- Histogram of all existing 
intramolecular distances 

Back to real space: distance distribution function 
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Adapted from: Svergun, D., Koch, M. (2003) Rep. Prog. Phys. 66, 1735-1782.  

SAXS and P(r) of different forms 



P(r) functions for different ‘options’ of a dimer 

As well the form and the value of Dmax vary for different options 
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     Rg (Å)         Dmax (Å) 

Catalytic domain     17.3 ± 0.3         45 ± 5 
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Humicola insolens  
 EGV native and truncated 
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EGV without CBD      30.0 ± 0.4        100 ± 10 

EGV full lenfth     33.5 ± 0.5        125 ± 5 

CBD         9.2                   31 

125 Å 

55 Å 

Linker : ≈ 0.7 residues/Å 

Distance distribution function Mw = 38 kDa  N = 210+36+38 aa 



Small angle scattering 

I  vs  q (ou s) 

(q= 4π/λ sinθ) 
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Guinier approximation  

I(q) = I(0) exp(-q2 Rg
2/3) 

➨    Radius of giration 

➨    I(0) Molecular weight 
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Distance distribution function P(r) 
= ∫  I(q) exp(-2πiqr)dq 
➨    maximum distance Dmax 
➨    overall shape of the object 
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Form factor:    

➨  Comparaison with crystal structure 
➨   conformational modeling 
➨   Calculation of envelopes or volumes 



Reconstruction of  the 3D structure from 1D SAXS  
is an ill-conditioned problem 



ab initio calculation of overall shape 

Programs DAMMIF, GASBOR (D. Svergun), DALAI_GA (F. Diaz) 

Fill envelope with dummy-atoms with a given diameter  
(3.8 to 10Å) 

t   Global shape of macromolecule in solution 

t  Respective position of sub domains (known 3D structure) 



Shape calculations 

DAMMIN/DAMMIF : Simulated annealing with constraints to 
minimize the surface 

GASBOR : Simulated annealing with distance constraints of 
close neighbors     Ø=3.8Å                                         

               (D. Svergun) 

Calculation of an envelope filled with pseudo-atoms 
of variable diameter (3.8 to 10Å) 

DALAI_GA : Genetic Algorithm without external constraints      Ø 
depends on resolution                                               

        (F. Diaz) 

http://www.embl-hambourg.de/ExternalInfo/Research/Sax/software.html 



DALAI_GA     DAMMIN    GASBOR 



quaternary structure in solution and complexes 

Find the respective position of each sub-unit 

•  SASREF : Rigid Body Modelling   
                                                                                            (D. Svergun) 

If 3D crystal structure of each sub-unit is known 



conformational flexibility 
Comparaison of solution structure to crystal structure 

  CREDO & BUNCH : position of Cα of a 
missing domain or portion of overall structure 

                                (D. Svergun) 

  CRYSOL: Calculate theoretical diffusion curve of a macromolecule 
taking in account the hydratation shell                                                                                          

       (D. Svergun) 

Calculate the conformation of a missing loop 



Comparaison of solution structure to crystal structure 

           ……………………more programs 



Biological 
Small Angle Scattering  

http://www.embl-hamburg.de/biosaxs/ 

Group of Dmitri Svergun: 

http://www.saxier.org/ 

SAXS Forum: 



Comparison of methodological limits 

SAXS	
   crystallography	
  

ü  needs	
  pure	
  samples	
  

ü  large	
  quan33es	
  

ü  supports	
  irradia3on	
  with	
  3me	
  

ü  does	
  not	
  form	
  aggregates	
  

ü  “low	
  resolu3on”	
  –	
  no	
  atomic	
  informa3on	
  

ü  average	
  of	
  par3cles	
  in	
  solu3on	
  

ü  needs	
  pure	
  samples	
  

ü  large	
  quan33es	
  

ü  crystallizes	
  
ü  produces	
  Bragg	
  diffrac3on	
  

ü  no	
  informa3on	
  of	
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  in	
  solu3on	
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  no	
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  on	
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ü  provides	
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  or	
  overall	
  shape	
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  of	
  the	
  crystallized	
  molecule	
  



Complementarity of the methods 

SAXS	
   crystallography	
  

mean	
  global	
  conforma3on	
  
	
  in	
  solu3on	
  

solid	
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  3D	
  structure	
  

possibility	
  to	
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  of	
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  about	
  oligomeric	
  state	
  allows	
  to	
  verify	
  which	
  oligomerisa3on	
  	
  
is	
  compa3ble	
  with	
  exp.	
  SAXS	
  curve	
  

Ambiguity	
  about	
  domain	
  	
  
(or	
  loop)	
  organisa3on/conforma3ons	
  

allows	
  to	
  analyze	
  (es3mate)	
  the	
  
flexibility	
  domain	
  conforma3ons	
  in	
  solu3on	
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