
XXXXXXX

Javier Pérez, EMBO course, 2024 September, Grenoble 1

Solution X- ray Scattering 

from

Biological Macromolecules

Javier Pérez

Beamline SWING, Synchrotron SOLEIL, Saint-Aubin, France



XXXXXXX

Javier Pérez, EMBO course, 2024 September, Grenoble 2

Ă Introduction

Ă SAXS basics

Ă Biophysical information

Ă A few experimental considerations

Ă Modelling

Ă A few concluding messages

General Outline
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INTRODUCTION
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I0, l IT

Detected : I(q)

Ὧ
ς“

‗
ᴆὩ

if kkq -=
fk
C

2ɗ

Sample

C > 0.1 mg/ml

V > 6 µl
2D detector

q = 4́ sinɗ/ ‗

Ln ( I )

Radial average

(isotropic sample)

SAXS provides structural information about macromolecules in solution

ĂLimits

Ăspherically averaged information Ą low resolution

Ănon unicityof the solution

Ădoes not distinguish elements in a mixture

ĂAdvantages

Ăsolution ( no crystal ) Ą kinetics, titration, TÁ, P

Ărelatively easy to carry experiments 

Ăcan be checked against atomic models

Principles of Small Angle X-ray Scattering in solution

SAXS is at its best when complementary (structural) information is available
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62.8 Å d = 2p/q in Å

Global shape Folding + domains Secondary structuresGlobal dimension

q in Å-1

31.4 Å 20.9 Å 15.7 Å 12.6 Å> 1000 Å

WAXSUSAXS

Size or 

Guinier Region

qRg < 1.2

Shape or 

Porod Region

q< 0.2 Å

A typical BioSAXScurve from a protein

SAXS
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s, nm-10 5 10 15

lg I(s)

5

6

7

8
Resolution, nm

2.00 1.00 0.67 0.50 0.33

What may solution scattering yield?

Shape

Internal 

structure

Atomic 

structure

Adapted from Dmitri Svergun, EMBL Hamburg
q
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7

Shape (P(r))

Size (Radius of gyration)

ė4}¢g_} q}l¹tgt}t±ºĘ
Mass / Oligomerisation

(~10% precision)

Atomic Model 

comparison & 

validation

Protein 

scattering 

curve

>¢jl} ė­lqt l~l ±Ę

Molecular 

Modeling

Atomic model from:

- MX

- NMR

- Cryo-EM

- Alphafold

Petrella et al. 2019

What may solution scattering yield?
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Direct Data 

analysis

Guinier fit  

Å Rg (size) & I(0) (mass and oligomeric state)

Pair distribution function p(r) 

Å Dmax evaluation

Å Rg (size) and I(0) compatibility with Guinier approximation

Å Global shape of the object

Kratky plot

Å Type of structure (globular, elongated or unfolded)

Porod law

Å Molecular mass if globular protein

Molecular 

modeling

Ab initio modelling of compatible low resolution envelopes

Å No complementary structural information needed

Structural validation in solution

Å Complete atomic structures or AlphaFold models

Inter-domain conformations 

Å Atomic structures of subunits available

Modeling of missing parts

Å Structures with missing loops or flexible parts

Ą « data compatible» models: NOT unique, NOT electronic density maps

Typical analysis steps
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SAXS BASICS
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X-ray incident beam
Wavelength : ɚ ~ 1 Å (10-10 m)

k = 2́  / ɚ

 ̟= 2́  · c / ɚ

x

Elastic Thompson scattering by an electron

r0 is the classical electron radius

What scatter X-rays are the electrons

ὉὭᾀὼȟὸ ὉπὩ

e-

ὊὩὡ‏ Ὓ‏ Ὡ āה ὶπāהπā‏ɱ

Ὓ‏ ὶ ‏ɱ

2ɗ

ὉὩὶȟὸ
ὶπ
ὶ
ὉπὩ

r

ɚ

E0

(polarisation effects not indicated)

Incoming Flux Density : 

ʁ0 · c · E0  = (W/m2) 0ה
2

-Fe : flux scattered by one (isolated) e‏  through a surface, ‏Ὓ ὶ ‏ɱ
 

The scattered flux only 

depends on the scattering 

solid angle and re, not on r

ʎ π is called the differential scattering cross sectionה

 

ʎὩ ὶπ is the electron differential scattering cross section

ὶ  = 2.818 10-15 m

 e : Flux Density scattered byה

one (isolated) e-  at distance r

e (W/m2) =  ʁ0 · c · Eeה
0ה  = 2

2



XXXXXXX

Javier Pérez, EMBO course, 2024 September, Grenoble 11

Coherent scattering : summing up amplitudes

Scattering amplitude by N electrons

Path shift between waves 1 and 2 : 

▓░ɇ► - ▓▼ɇ► ▓░ Ķ ▓▼ ɇ► ▲ɇ►

Å WavescatteredbyNelectrons

╔▼ ὶȟὸ
ὶπ
ὶ
╔Ὡ ▓░ɇ► ▓▼ɇ►

Å Waves scattered by two electrons

ki

ks1

2

2ɗ

r

╔▼ ὶȟὸ
ὶπ
ὶ
╔Ὡ  Ὡ ▲ɇ►

╔▼ ὶȟὸ
ὶπ
ὶ
╔Ὡ

Electron 1

Electron 2

▓░ɇ► 

▓▼ɇ► 

ki

ks

▲ ▓▼ ▓░

ᴆή = Momentum transfer

▲
ⱫἻἱἶⱣ

ⱦ

╔◄▫◄╪■ὶȟὸ
ρ

ὶ
╔Ὡ  ὶπ Ὡ ▲ɇ►▒

╔◄▫◄╪■ὶȟὸ
ρ

ὶ
╔Ὡ ὃᴆή

╔▼Ǫ▼ ὶȟὸ
ρ

ὶ
╔Ὡ  ὶπ ρ  Ὡ ▲ɇ►

Scattering «amplitude» (length) 

═▲O ►

▒

╝

Ὡ ▲ɇ►
▒

► 
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Scattering amplitude from an atom

ὃήO ὶ Ὡ ɇ

Scattering amplitude from a particle with N electrons

ὃήO ὶ ʍ ὶOὩ ẗOOὨἺ

continuous representation

discrete representation

ὃὥὸή τ“ ὶ Ὠὶ ʍ ὶὶς
ÓÉÎήὶ

ήὶ

In a atom, the electron cloud density ʍ ὶ is purely radial

Ὢὥὸή τ“ Ὠὶ ʍ ὶὶς
ÓÉÎήὶ

ήὶ

Scattering amplitude from an atom

Atomic scattering factor

ὃὥὸή and fat(q) are real (not complex)

 fat(0)  =  Z

ki

ks
▲ ▓▼ ▓░

▲
ⱫἻἱἶⱣ

ⱦ
ki

ks 2ɗ

r

r

The scattering 

amplitude is the 

Fourier Transform 

of the electronic 

scattering length 

density.

ὃὥὸή ὶὪὥὸή

The atomic scattering 

factor is the Fourier 

Transform of the 

electronic density of 

a given type of atom.
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Scattering from a molecule

ὃάέὰὩὧήO ὶ ὪὮήὩ
ɇ

Scattering amplitude from a molecule with N atoms

As a good approximation, the electrons pertaining to a given atom are considered to be positionned at its center.

The atomic scattering factor fj then replaces the sum of the electronic contributions from that atom in the 

calculation of the molecule scattering amplitude.

Scattering intensity from a molecule with N atoms

ὍήO ὶς ὪὮή ὪὯή Ὡ
ɇ

ὍήO ὃὃᶻ ήO

The scattering intensity is the square of the amplitude modulus.

If randomly oriented

Averaging over all 

orientations:

Ὡ ɇ  
Ὅή ὶς ὪὮή ὪὯή

ÓÉÎήὶὭὮ

ήὶὭὮ

Debye formula

The scattering intensity is 

the equivalent of a 

scattering differential 

cross-section.
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Scattering amplitude

Scattering intensity

)Ñ τ“ ὶ ‎ ὶὶ
ÓÉÎήὶ

ήὶ
Ὠὶ

ὃ ήO ὶ ʍ ὶOὩ ẗOOὨἺ  ὶ ὊὝʍ ὶO

ὍήO ὃȢὃᶻ ήO  =  ὶ ὊὝʍ ὶO  ὊὝʍ ὶ  ὶὊὝʍ ὶO ʍz ὶ

The scattering intensity is the 

Fourier Transform of the 

electronic density 

autocorrelation function 

(times r0
2).

ὍήO ὶ ‎ ὶO Ὡ ẗOOὨἺ

‎ ὶO ʍ ὶO ὶOᴂʍ
ᴼ
ὶᴂ ὨἺᴂ

‎ ὶ ‎ ὶO

Averaging over all 

orientations:

‎ ὶ is the 

characteristic funtion

«probability of finding a point

within the particle at a distance r

from a given point»

‎ ὶ ”ςὠ ‎ ὶ

If randomly oriented

♬▄ ►O ú l}lh±­¢ th jl ®t±º 

_²±¢h¢­­l}_±t¢  q² h±t¢ ø

Scattering from a molecule
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ĂWhat contributes to scattering at small angles is the contrast of electron density between the 
particle and the matrix ȹɟ(►) =ɟp (►) - ɟ0 , that is very smallfor biological samples.

particle

matrix

ĂA particle is described by the associated electron density distribution ɟp (►). 

Particles in a homogeneous matrix (or buffer)

ʍ
el.Å-3

”ὴὶέὸὩὭὲ å 0.43

Ў”
”ύὥὸὩὶ = 0.334

”ὫὰώὧȢρπϷ = 0.342
”ὔὥὅὰȢςππάὓ = 0.335

”Ὀὔὃ å 0.57
”Ὑὔὃ å 0.60
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Ὂ ήO ὶ ɝ”Ὡ ὶO Ὡ
ẗOOὨἺ

ĂScattering amplitude at small angles

ὍήO
ρ

ὠίὥάὴὰὩ
ὊήOὊᶻ ήO

ĂScattering intensity per unit volume

Ă ȹɟe(ᴆÒ) is the contrast of electronic density and describes the scattering objects

Ă F(Ñ) is the Scattering Amplitude at small angles of the ensemble of particles

Particles

ĂI(Ñ) is expressed in cm-1 and is directly related to the measured intensity  

ὃήO ὶ ʍ ὶOὩ ẗOOὨἺ

Particles in a homogeneous matrix (or buffer)
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Ὅή
ρ

ὠίὥάὴὰὩ
Ὂ ήOὊz ήO

Particles in solution have random orientation, both in time (thermal motion) and in space (no long 

range directional correlations). The sample as a whole is therefore isotropic. As a result, the 

scattering intensity only depends on the modulusof ▲, q = 4́ sin(ɗ) /ɚ.

Particles in solution

6q ±sl ®¢}²±t¢  t® ėidealĘ ĊNo correlations between particles positions = No short-range 

or long-range interactions), then the individual intensities sum up.

Ὅή

ȟ

Ὅή
ρ

ὠίὥάὴὰὩ
ȟ

Ὂ ήOὊᶻ ήO

Modulus Vector

0ÊÑ Ὂ ήOὊᶻ ήO

The averaged scattering intensity of a particle in an ideal solution is called its form 

factor, P(q).

0Êπ ὶὠ
 

ɝ”Ὦ
Average Electronic Density contrast

Ὅή
ρ

ὠίὥάὴὰὩ
ȟ

ὖή
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Ὅή
ρ

ὠίὥάὴὰὩ
Ὂ ήOὊz ήO

Particles in solution have random orientation, both in time (thermal motion) and in space (no long 

range directional correlations). The sample as a whole is therefore isotropic. As a result, the 

scattering intensity only depends on the modulusof ▲, q = 4́ sin(ɗ) /ɚ.

Particles in solution

6q ±sl ®¢}²±t¢  t® ėidealĘ ĊNo correlations between particles positions = No short-range 

or long-range interactions), then the individual intensities sum up.

Ὅή

ȟ

Ὅή
ρ

ὠίὥάὴὰὩ
ȟ

Ὂ ήOὊᶻ ήO

Modulus Vector

6q ±sl ®¢}²±t¢  t® ėtjl_}Ę _ j ėmonodisperseĘ Ċall particles are identical), then the 

individual form factors are all identical.

Ὅή
ρ

ὠίὥάὴὰὩ
ȟ

ὖή
ρ

ὠίὥάὴὰὩ
ὔ 0ÐÁÒÔÑ • 0ÐÁÒÔÑ

Ὅή Ὅ ή ὥὲὨ ὖή ὖ ήȟ ύὬὥὸὩὺὩὶ É
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Monodispersityand ideality

ĂMonodispersity

ĂIdeality

ĂYes ă Identical particles

ĂNoăSize and Shape polydispersity

ĂYes ăNo correlations between particles positions

(No long-range interactions)

ĂNoăCorrelations between particles positions

(Existence of short-range or long-range interactions)
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ĂPolydisperse and Ideal 

Ὅή

ȟ

Ὅή
ρ

ὠ
ȟ

ὖὭή

ĂMonodisperse ideal

Ὅή . Ὅ ή
.

ὠ
ὖὴὥὶὸή

Particles in solution

ĂPolydisperse and Not ideal 

Ὅή
ρ

ὠ
ȟ

ὖὭή ɇὛή S(q) is called the Structure Factor (of the sample)

S(q) = 1 for an ideal solution

S(q) usually may differ from 1 at very small q values

ĂMonodisperse but not ideal

Ὅή
.

ὠ
ὖὴὥὶὸή 3Ñ
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Solvent scattering and contrast

Isolution (q)    -       Ibuffer (q)         =      Iparticles (q) 

 

To obtain scattering solely from the

contrasting particles, intrinsic solvent

scattering must be measured very

accurately and subtracted, which also

permits to subtract contribution from

parasitic background(slits, sampleholder

etc).
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F ήO ὶ᷿ ɝ”Oὶ Ὡ ẗOOὨἺ

ɝ”Ὡ ὶO ”Ὡ ὶO ”

ὍὴὥὶὸὭὧὰὩίή
ρ

ὠίὥάὴὰὩ
Ὂ ήOὊz ήO

contrast effect

Do not confuse !

buffer subtraction

ὍὴὥὶὸὭὧὰὩίȟὩὼὴ
ή ὍίέὰόὸὭέὲȟὩὼὴ

ή ὍὦόὪὪὩὶȟὩὼὴ
ή
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BIOPHYSICAL 

INFORMATION
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ÅGuinier Analysis

ÅKratky plot : why is it so interesting ?

Å«Real-space SAXS» : Pair distribution function P(r)

Biophysical information
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ÅGuinier Analysis

ÅKratky plot : why is it so interesting ?

Å«Real-space SAXS» : Pair distribution function P(r)

Biophysical information
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öö
÷

õ
ææ
ç

å-
=

3
exp)0()(

22Rgq
IqI

Close to q=0, the scattering intensity of a particle can be described by a 

Gaussian curve.

Radius of gyration
Extrapolated intensity at origin

Asymptotic behaviour at small angles : Guinierlaw

[ ] [ ]
3

)0()(
22Rgq

ILnqILn -=

Guinier law, in Log scale :

The Guinier law is equivalent of a linear variation of Ln(I(q)) vs q2 (Guinier plot).

Linear regression on the experimental Guinier plot directly provides Rg and I(0).

Prof. André Guinier

1911-2000

Orsay, France

The validity domain actually depends on the 

shape of the particle and is around q< 1.3 / Rg 

for a globular shape.



XXXXXXX

Javier Pérez, EMBO course, 2024 September, Grenoble 27

öö
÷

õ
ææ
ç

å-
=

3
exp)0()(

22Rgq
IqI

Ὅπ
ὧẗὓẗὶ

ὔ
ẗὺ ”ȟ ”ȟ

Mass concentration Electronic density contrast

Protein specific volume

Classical electron radius
Absolute Unit : cm-1

ὙὫ
᷿ὶ ” ὶO ” ὨσOὶ

᷿ ” ὶO ” ὨσOὶ

Rg depends on the volume

AND on the shape of the particle

For globular proteins : Rg (Å) å φȢυ zὓ  ȟὓ Ὥὲ ὯὈὥ
For unfolded proteins : Rg (Å) å ψȢπυzὓ Ȣ

Bernadoet al. (2009), Biophys. J., 97 (10), 2839-2845.

Mass retrieval from Guinieranalysis

I(0) gives an independent estimation of 

the molar mass of the protein

(only if the mass concentration and 

specific volume are precisely known üċ 

Typically :

M (kDa) = (1200 ~ 1600) * I0 (cm-1) / C (mg/ml)
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Rg = 3
5
RSphere

Rg

2 = r (r )r 2 dr
Vò r (r )dr

Vò

Lysozyme

Rg radius of gyration

RH hydrodynamic radius (not always > Rg!)

RR maximum hard sphere radius

RM radius of mass-equivalent sphere 

 
R2

g =
1

N
ri - rCOM

2

å

Useful definitions of Rg

by atoms

by electron density

Rg

2 = 1
2 r 2 p(r )dr /ò p(r )drò

* center of mass of the electrondensity

 
R2

g =
1

2N(N - 1)
ri - rj

2

j

å
i

å by atom pairs

by pair distribution

graphic: www.silver-colloids.com/Papers/hydrodynamic-radius.pdf

Thin rod Rg = 1

12
L

Rg = 1

2
Rdisk

Thin disk

Radius of gyration

ὙὫ
᷿ὶɝ”Ὡ ὶOὨOὶ

᷿ɝ”Ὡ ὶOὨOὶ

Courtesy: Richard Gillilan, Cornell U., USA
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Rotavirus VLP : diameter = 750 Å, 44 MDa

Lysozyme 

Dmax=45 Å 

14.4 kDa

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

0 0.125 0.25 0.4

I(
Q

)/
c

q = 4́  sinɗ / ɚ (Å-1)

Rule of thumb for the needed 

qmin for a correct Guinier fit:

qmin < 1 / Dmax 

Basic law of reciprocity in scattering: 

Correlations in large objects  

produce modulations at small Q

Radius of gyration
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ÅGuinier Analysis

ÅKratky plot : why is it so interesting ?

Å«Real-space SAXS» : Distance correlation function P(r)

Biophysical information
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SAXS provides a sensitive means to evaluate the degree of compactness of a protein:

o  To determine whether a protein is globular, extended or unfolded

o  To monitor the folding or unfolding transition of a protein

This is most conveniently represented using the so-called Kratky plot: 

Folded particle : bell-shaped curve (asymptotic behaviour  I(q)~q-4 )

KratkyPlot

Random polymer chain : plateau at large q-values (asymptotic behaviour in I(q)~ q-2 )

Extended polymer chain : increase at large q-values (asymptotic behaviour in I(q)~ q-1.x )

Prof. Otto Kratky

1902-1995

Graz, Austria

q2 I(q) versus q

Putnam, D., et al. (2007) Quart. Rev. Biophys. 40, 191-285.
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0

0.0005

0.001

0.0015

0.002

0.0025

0 0.1 0.2 0.3 0.4 0.5

G-Actin

ASNP

ASDG

CDA2

BCDA3

Q
2

  I
(Q

) 
/ 

I(
0

)

Q

KratkyPlots of folded proteins

Folded proteins display a bell shape. Can we go further?
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0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 2 4 6 8 10

G-Actin
Rg=23.2 Angs, Mass=41.7 kDa
ASNP
Rg=26.0 Angs, Mass=71.4 kDa
ASDG
Rg=35.6  Angs, Mass=146.6 kDa
CDA2
Rg=39.1 Angs, Mass=98.9 kDa
BCDA3
Rg=51.7 Angs, Mass=144.4 kDa

(Q
R

g
)2

  I
(Q

) 
/ 
I(

0
)

QRg

1.75

1.1

For globular structures, the plots fold 

into the same maximum

The relation MRg(kDa)  (Rg / 6.5)3 only works 

for the globular structures, not the elongated

The position of the maximum on the dimensionless bell shape tells to what extent the protein is globular.

Dimensionless KratkyPlots of folded proteins
Introduced for biology in Durand et al. (2010), J. Struct. Biol. 169, 45-53.
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Dimensionless KratkyPlots of (partially) unfolded proteins

Receveur-Bréchot V. and  Durand  D (2012), Curr.  Protein  Pept.  Sci.,  13:55-75.

The bell shape vanishes as folded domains disappear and flexibility 

increases.

The curve increases at large q as the structure extends.

globular

unfolded

0

0.5

1

1.5

2

2.5

3

3.5

0 2 4 6 8 10

PolX
p47
p67
XPC
IB5

(q
R

g
)2

 I
(q

)/
I(

0
)

qR
g

1.1

1.75
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Pérez et al., J. Mol. Biol.(2001), 308, 721-743

KratkyPlot : NCS heat unfolding

In practice, thin Gaussian 

chains do not exist.

In spite of the plateau at T=76ÁC, NCS 

is not a Gaussian chain when 

unfolded, but a thick chain with 

persistence length 

!
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Molecular Weight estimation based on Porodinvariant

Other methods for MW estimation based on similar though different grounds were developed

Rambo R. And TainerJ. (2013), Nature, 496, 477-481.

http://saxs.ifsc.usp.br/

Ådoes not require knowledge of concentration

Årelies on PorodVolume theory + structural database

Ådoes not perfectly work for proteins with unfolded domains
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ÅGuinier Analysis

ÅKratky plot : why is it so interesting ?

Å«Real-space SAXS» : Pair distribution function P(r)

Biophysical information
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Pair Distribution Function p(r)

The pair distribution function p(r) is 

proportional to the average number of 

neigbouring atoms at a given distance, r, from 

any given atom within the macromolecule.

Protein

Dmax

Solid sphere
Cylinder

DomainsDisc

P(R)

R

The distance distribution function characterises the shape of the particle in real space 

p(r) vanishes at r = Dmax
Dmax
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Marc-André Delsuc:

thanks for the python script

Pair Distribution Function p(r)
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Ὅή τ“ ὶʒ ‎ ὶὶ
ÓÉÎήὶ

ήὶ
Ὠὶ

And the pair distribution function 

is directly related to the self-

correlation function
ὴὶ ‎ ὶὶ

Then :

Ὅή τ“ ὶʒ ὴὶ
ÓÉÎήὶ

ήὶ
Ὠὶ

Relation between p(r) and I(Q)

ÐÒ
Ò

ς“ʒ ὶ
ήὍή

ÓÉÎήὶ

ήὶ
Ὠή

The intensity is related to the Fourier 

Transform of the self-correlation 

function ɔobj(r)

Apparently, p(r) could be directly derived from I(q). 

However, direct calculation of p(r) from I(q) is made difficult and risky 

because of [qmin,qmax] truncation and data noise effects.

Fourier Transform for 

isotropic samples

Both curves contain the 

same information.



XXXXXXX

Javier Pérez, EMBO course, 2024 September, Grenoble 41

Main hypothesis : the particle has a «finite» size, characterised by Dmax.

Ă Dmax is proposed by the «user»

Ă A guess for p(r) is decomposed over [0, DMax] by a linear combination of orthogonal functions

Svergun (1988) : program "GNOM"

M ~ 30 - 100 Ý ill-posed LSQ Ý regularisation method

+ "Perceptual criteria" : smoothness, stability, absence of systematic deviations
Ă Each criterium has a predefined weight

Ă The solution is given a score calculated by comparison with « ideal values»

Ὅή τ“ Ò ‰ ὴ ὶ
ÓÉÎήẗὶ

ήẗὶ
Ὠὶ

ὴ ὶ ὧ‰ ὶ

Back-calculation of the Distance Distribution Function

Glatter, O. J. Appl. Cryst.(1977) 10, 415-421.

Ă I(q) is calculated by Fourier Transform of pcalc(r) 

Prof. Otto Glatter

Guinier Prize 2012

Graz, Austria

Dr. Dmitri Svergun

Guinier Prize 2018

Hamburg, Germany

Ăὧ  are optimized recursively
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GBP1

Pair Distribution Function

Heat denaturation of Neocarzinostatin

Pérez et al., J. Mol. Biol. (2001) 308, 721-743

Experimental examples
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Bimodal distribution
Topoisomerase VI

70 Å

0

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

0.0008

0 50 100 150 200 250

P
(r

) 
/ 

I(
0

)

r (Å)

M. Grailleet al., Structure (2008), 16, 360-370. 

Experimental examples

Distance Distribution Function
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Scattering curves obtained on different complexes Spire-Actin and Actin alone

Complexes Radius of gyration Maximum diameter

Histogram of intramolecular distances and ab initio molecular enveloppes determined using DAMMIF

75.5 Å

55.5 Å

38.9 Å

25 Å

23.1 Å

285 Å

210 Å

130 Å

75 Å

70 Å

KindABCD-A4 BCD-A3 CD-A2 D1-A1P(R) P(R) P(R) P(R)

r in Å r in Å r in Å r in Å

Dmax = 75Dmax = 130Dmax = 210Dmax = 285

Distance Distribution Function

Related to: Didryet al. The EMBO Journal31.4 (2012)
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This alternative estimate of Rg makes use of the whole scattering curve, and is less sensitive to 

interactions or to the presence of a small fraction of oligomers.

Distance Distribution Function

Ὅπ τ“ ὶʒ ὴὶὨὶ

Comparison of estimates from Guinier 

analysis and from P(r) is a useful cross-check.

Ὑ
᷿ ὶὴὶὨὶ

ς᷿ ὴὶὨὶ

Both the radius of gyration and the intensity at q=0 can be derived from p(r)

Acta Cryst. (2017). D73, 710Ē728 
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A FEW EXPERIMENTAL 

CONSIDERATIONS
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Ideality

One must check that both 

assumptions are valid for the 

sample under study.

!

Monodispersity

molecule

1i ( )q

experimental

I( )q

Evaluation of the solution properties
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ü Ideality : reached by working in buffers with screened interactions or at high dilution

 Ą In practice : measurements at decreasing concentrations and check whether the 

scattering pattern is independent of concentration. 

Checking the validity of both assumptions  for the sample 

under study is crucial for non erroneous data interpretation 

ü Size Monodispersity must be checked independently

 Ą Purification protocol :SEC, DLS, AUC, MALS, etc.

Evaluation of the solution properties
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Merge low c (@ low q) and high c (@ high q) curves

Small angle data using the 

lowest concentration curve 

or an extrapolation to zero 

concentration from a series 

of dilute solutions 

(correction of interparticle 

effects)

larger angle data using the 

most concentrated solution

Here, slight repulsive 

interactions alter the high 

concentrated solution 

curve at small angles

>l­rt r j_±_ ¸t±s ėI­t~²®Ę q­¢~ !OM!M
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>l­rt r j_±_ ¸t±s ėI­t~²®Ę q­¢~ !OM!M

The common 

range should be as 

restricted as 

possible to avoid 

adding noise

ė®h_}lĘ 

function
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ė~l­rlĘ 

function

>l­rt r j_±_ ¸t±s ėI­t~²®Ę q­¢~ !OM!M
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Irreversible aggregation

Ÿ Useless data: the whole curve is affected 

Swing Ē Domaine 1-242 de RRP44 Ē 07/08

0.01

0.1

1

10

100

0 0.001 0.002 0.003 0.004

1.6 mg/ml
3.4 mg/ml
7 mg/ml

I(
q
)

q
2
 (Å

-2
)

I(0): > 150 fold the expected 

value for the given MM

0.001

0.01

0.1

1

10

100

0 0.05 0.1 0.15 0.2 0.25 0.3
I(

q
)

q (Å
-1

)

Approx. expected curve

(Courtesy D. Durand, IBBMC, Orsay) 

Evaluation of the solution properties
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Nanostar ĒPR65 protein 

50

60

70

80

90

100

200

0 0.0005 0.001 0.0015 0.002

I(
q
)

q
2
 (Å

-2
)

QRg=1.3

Rg ~ 38 Å Ēslightly too 

high
!

Weak aggregation 

QRg=1.3

50

60

70

80

90

100

200

0 0.0005 0.001 0.0015 0.002

I(
q
)

q
2
 (Å

-2
)

Rg ~ 36 Å

Ÿ possible improvement

 centrifugation, buffer change

(Courtesy D. Durand, IBBMC, Orsay) 

Evaluation of the solution properties
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HPLC-purified experimental curve

Curve calculated from crystal structure

Fitting the HPLC-purified experimental curve with the crystal structure

Q / A-1

ASNP with HPLC

Rg = 25.7 Å

q.Rgmin = 0.657 / q.Rgmax = 1.09

ASNP direct injection

Rg = 29.1 Å

q.Rgmin = 0.659 / q.Rgmax = 1.19

Comparison between HPLC-purified and Direct injection curves 

Q / A-1

I(0) and Rg determined for each SAXS frame during elution

I(0)

Rg

V0ASNP elution profile, monitored by UV absoprtion at 280 nm

Elution time (minutes)

Frame number ( ~ time)

Remove aggregates using SEC-SAXS
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Data collection without circulating the solution

Unwanted Radiation effects

0,01

0,1

1

10

0 0,1 0,2 0,3 0,4 0,5 0,6

p124_014_2stest_im_00_00I(q)_p124_014_2stest_im_00_00
I(q)_p124_014_2stest_im_01_00
I(q)_p124_014_2stest_im_02_00
I(q)_p124_014_2stest_im_03_00
I(q)_p124_014_2stest_im_04_00
I(q)_p124_014_2stest_im_05_00
I(q)_p124_014_2stest_im_06_00
I(q)_p124_014_2stest_im_07_00
I(q)_p124_014_2stest_im_08_00

q(A-1)

0,08

0,09
0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 0,02 0,04 0,06 0,08 0,1

p124_014_2stest_im_00_00I(q)_p124_014_2stest_im_00_00
I(q)_p124_014_2stest_im_01_00
I(q)_p124_014_2stest_im_02_00
I(q)_p124_014_2stest_im_03_00
I(q)_p124_014_2stest_im_04_00
I(q)_p124_014_2stest_im_05_00
I(q)_p124_014_2stest_im_06_00
I(q)_p124_014_2stest_im_07_00
I(q)_p124_014_2stest_im_08_00

q(A-1)

0,08

0,09
0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 0,02 0,04 0,06 0,08 0,1

p124_015_1stest_im_00_00

I(q)_p124_015_1stest_im_00_00

I(q)_p124_015_1stest_im_01_00

I(q)_p124_015_1stest_im_02_00

I(q)_p124_015_1stest_im_03_00

I(q)_p124_015_1stest_im_04_00

I(q)_p124_015_1stest_im_05_00

I(q)_p124_015_1stest_im_06_00

I(q)_p124_015_1stest_im_07_00

I(q)_p124_015_1stest_im_08_00

q(A-1)

2s irradiation
1s irradiation

For some buffers, even with a circulating solution (SEC-SAXS here)

Pérez J., Vachette P. (2017) In: 

Biological Small Angle Scattering: 

Techniques, Strategies and Tips. 

Advances in Experimental 

Medicine and Biology, vol 1009. 

Springer, Singapore
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Unwanted Radiation effects

Kirby, N et al. (2016). Acta

Cryst. D72, 1254Ē1266.

Co-flow set-up
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Ă Transmission

Ă The experimental scattering intensity must be normalised by transmitted intensity.

Ă Transmission intensity must be measured with high accuracy (~ 0.1 %).

l ūT

Detected : Iexp(q)

Transmitted flux

ū0

Incoming flux

Transmission and buffer measurements are crucial

ĂBuffer

ĂBuffer and protein samples must be measured 

in the same cell for correct subtraction of 

parasitic background arising from slits and 

holder walls.

ĂThe buffer in the buffer sample must be 

identicalto that of the protein sample (dialysis, 

M.*ù üċø

(q)I- (q)I  (q)I buffersampleparticles =
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IH2O,exp = 0.042 Exp. Units

IH2O,exp = Kexp* IH2O,theory

Ą Here : Kexp=2.56 Exp.Units / cm-1

ĂCapillary diameter =1.6 mm

ĂAverage of 2 frames of 2s

ĂEmpty capillary subtracted

ĂNormalized by solid angle

ĂNormalized by transmitted intensity

Liquid scattering (theory): 

Water is used as primary reference

to get the absolute intensity scale

For any sample in that capillary : Itheory(cm-1) = Iexp / Kexp = Iexp  / 2.56

Calibration of the set-up using water scattering

TA kTZr kr Ö==
222

0q smallat constant   I(q)

Isothermic compressibilityMolecular densityIH2O,theory = 0.0163 cm-1 at 20°C

Example: 
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Relation between the the number of measured photons Npix on a given pixel of the 

detector, making a solid angle ȹɋ, and the Scattering Intensity per unit volume :

)ÑÐÉØ
ρ

6

Ä„

Äɱ
ÑÐÉØ

ὔὴὭὼ
.

ρ

4ẗÅ

Ὀ

ὖὼὛὭᾀὩ

Irradiated volume

Scattering Intensity per unit Volume

Differential cross-section

Number of detected scattering photons in 

a given pixel

Number of incident photons

Sample transmission

Sample thickness

Distance sample-pixel

From measurements to I(q) data
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At this stage

We have gone from

to 

I(q)

P(r)
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Now, we have to go from

to 

I(q)

P(r)
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MODELLING
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DAMMIN

DAMMIF

GASBOR

MONSA

DENFERT

CRYSOL

FOXS

PepsiSAXS

WAXSiS

SASREF

BUNCH

CORAL

DADIMODO

BioSAXS data modeling

Å Nothing known (except the curve)

Å Theorical model or complete atomic structure available

Å Structures of subunits available

Low resolution model

Validation/identification in 

solution

Rigid body modeling of the 

complex and 

molecular modeling of the 

missing part

http://nar.oxfordjournals.org/content/early/2015/04/15/nar.gkv309.long
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Isolution(q) Isolvent (q)      Iparticle(q)

To obtain scattering from the particles, solvent 

scattering must be subtracted to yield the pair 

distribution of  the effective density Dr(r) = r(r) - r0 ,

wherer0 is the scattering density of the solvent.

Solvent scattering and contrast

Further, the bound solvent density may differ from 

that of the bulk.

Slide slightly  modified  from  Dmitri  Svergun, EMBL Hamburg
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CRYSOL: from atomic coordinates to a SAXS curve

In CRYSOLprogram, in orderto gain computingtime, I(q) is developedin a seriesof Besselfunctionsand

sphericalharmonics:

Ὅ ή ὃ ή
ὠ

ὠὧὥὰὧ
”ὅ ή ὄ”‏ ή

Theexperimentalscatteringcurvesarethenfitted usingonly3 parametersin orderto minimizethediscrepancyc:

- thegeneralscaleof Icalc(q)

- thetotal excludedvolumeV,whichisequivalentto modifyingtheaverageelectronic contrast

- thecontrastof theborderlayerdr

ä
= ù

ù
ú

ø

é
é
ê

è -

-
=

N

i i

icalci

q

qIscaleqI

N 1 exp

exp2

)(

)(*)(

1

1

s
c

Svergun , Barberato& koch(1995), J. Appl. Cryst., 28, 768

Aa(q) = molecular scattering amplitude in vacuum

As(q) = scattering amplitude from excluded volume

Ab(q) = scattering amplitude from the hydratation 

shell, layer of arbitrary thickness 3Å

Ὅ ή ὃ ᴆή ”ὃ ᴆή ὃ”‏ ᴆή
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Effect of the hydration shell

Q=4p(sin q)/l, Å-1

1

10

100

1000

10
4

0 0.05 0.1 0.15 0.2 0.25 0.3

I(
Q

)

Experimental data

Fit without hydration shell

Fit with hydration shell

1

10

100

1000

10
4

0 0.05 0.1 0.15 0.2 0.25 0.3

I(
Q

)

T state of E. coli allosteric ATCase

q = 4́  sin ʃ / ʇ, Å-1



XXXXXXX

Javier Pérez, EMBO course, 2024 September, Grenoble 67

ä
= ù

ù
ú

ø

é
é
ê

è -

-
=

N

i i

icalci

q

qIscaleqI

N 1 exp

exp2

)(

)(*)(

1

1

s
c

3D shape reconstructions from SAXS data with DAMMIN

Abinitioshapemodelling:nothingis knownexceptedthecurve!

Principleof the method: anystructurevolumeof homogeneouselectronicdensity canbeapproximatedat

anyresolutionbya setof spheresof smallenoughradius(rb)

Startingmodel=spherewith a radiusR=Dmax/2 with Nscatteredbeads(rb <<R)

Thenumberof theėj²~~º_±¢~ĘNº(R/rb)
3

Eachsphereis associatedto a positionj andan indexXj correspondingto the typeof the phase(Xj = 0 for

thesolventandXj = 1 for themolecule)

Figure 19 : Calcul dôenveloppe moléculaire avec le programme DAMMIN. A) Modèle sphérique initial. 

B) Modèle final obtenu après n itérations. Les formes grises correspondent aux enveloppes moléculaires. 

Les courbes bleue et rouge correspondent respectivement à la courbe de diffusion expérimentale et à la 

courbe de diffusion théorique correspondant au modèle.

A) B)

Figure 19 : Calcul dôenveloppe moléculaire avec le programme DAMMIN. A) Modèle sphérique initial. 

B) Modèle final obtenu après n itérations. Les formes grises correspondent aux enveloppes moléculaires. 

Les courbes bleue et rouge correspondent respectivement à la courbe de diffusion expérimentale et à la 

courbe de diffusion théorique correspondant au modèle.

A) B)
[ ] )(),(,)()( exp

2 XPXqIqIXf ac +=

Xisa conformationof thesystem

P(X)isa penaltyfunction

After k iterations

D. I. Svergun, M. Kozin, M. Petoukhov, V. Volkov(1999). BiophysJ. 2879-2886. 
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Å Using simulatedannealing,finds a compactdummyatoms configurationX that fits the

scatteringdatabyminimizing

wherecis the discrepancybetweenthe experimentaland calculatedcurves,P(X) is

thepenaltyto ensurecompactnessandconnectivity,a>0 its weight.

)()],(),([)( exp

2 XPXsIsIXf ac +=

compact

loose

disconnected

Å Obtaining3D shapesfromSAXSdata is an ill-definedproblemthat canbe**partially**solved

byintroducingadditionalinformationto reduceambiguityof interpretation

3D shape reconstructions from SAXS data with DAMMIN
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Å A series of runs (10-50) are performed to compare the different shapes obtained from the same data.

Å After the run, an optimal superposition of models is realized with the program suite DAMSEL and DAMSUP. 

Å The algorithm defines a criteria of similarity, called « Normalized Spatial Discrepancy» or NSD, which 

measures the agreement between any pair of models.

Å Similar shapes results in  NSD < 1, very similar shapes NSD º 0.5

Å Models are conserved if its NSD < Mean of NSD + 2*standard deviation

Å The model with the lowest NSD is the shape which has the mostsimilaritieswith other,and**can**be

regardedasthemostrepresentativeof envelopesin accordancewith theSAXSdata

Å Becarefulwith damfilt.pdbbecauseIdamfilt(q) I̧exp(q)

Shp1 Shp2 Shp3 Shp4 Shp5 Damfilt

(intersection)

Damaver

(all superimposed)

Damsel.log

3D shape reconstructions from SAXS data with DAMMIN
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NSD values

3D shape reconstructions from SAXS data with DAMMIN

Chi values from 1.704 to 1.942
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0.1
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q
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q= 4p (sinq)/l  A
-1

DAMMIN : shape determination

Model with uniform density

Fitting data with approximate q-4 

high angle trend by subtracting a 

constant. B

)l _¸_­l ú ėPorod}_¸Ę t® q¢­hlj q¢­ _g t t±t¢ ®s_ªl jl±l­~t _±t¢ 
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SASREF : when atomic structures of domains are known, but not their mutual organization

The objective is to find the relative orientation of each subunit with a correct agreement with the SAXS data of the complex

The scattering intensity I(q) of the complex is equal to the sum squared of the amplitudes of each subunit 

SASREF: Rigid body modeling against SAXS data

Ὅή ὃ ᴆή

The amplitudes are calculated with CRYSOL from the high resolution 

structure of each monomer

The algorithm of minimization is the same used with DAMMIN with a 

penalty function (interconnectivity of the subunits, the steric clashes) and 

possibility to give information about contacting residues from other 

experiences.

g2

a1

b1

g1b2

a2

r1

r2

O

)()()()( 2 XPXPXPXf contcontcrosscrossdistdist

i

i gbac +++=ä

Petoukhov& Svergun(2005). Biophys. J., 89, 1237-1250.

+ CORAL, BUNCH: missing 

residues are modelled as beads
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Optimisationof the all-atomstructure viaa genetic algorithm

Experimental data:

Å SAXS

Å NMR 

    RDC

    ADR (chem. shift map.)
SAXS score ADR scoreRDC score

DADIMODO : Data-Driven Modules Docking
Collab : Christina Sizun & François Bontems (ICSN, Gif sur Yvette))

F. Mareuil,et al. (2007) Eur Biophys J.

Evrard et al. (2011), J. Appl. Cryst.

Prior knowledge: 

Å Sequence

Å Sub-parts moved as rigid-bodies (user-defined)

Å A correct stereochemistry is maintained at all steps by 

minimizing energy

Modelling approach : complete atomic 

model

Full structure initiated with : 

Å Crystal or NMR domain structures

Å Homology models


