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The basis of Small Angle X-ray Scattering
and comparison to X-ray crystallography

advantages and limits
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Plan of presentation

® Position of SAXS with respect to
other structural methods

@ Data acquisition and experimental setup
® Brief theory and principles of
small angle X-ray scattering
® What do we measure?
© Data interpretation :
modeling structures into envelopes

@ comparison (and complementarity) to crystallography
quality control, advantages and limits

Techniques for structure determination
of macromolecules
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X ray diffus small angles

» Structural heterogeneity
» Flexibility of polypeptide chain

» low compactness

» non recombinant protein, or too large for RMN and too

SAS in transmission mode with 2D detector

Transmission SAXS

small for EM
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26
. . X rays
ray diffusion
small angles Photon energy
E = hc/n
=) “low resolution structure” of macromolecules in solution
BUT
high-precision information with respect to size and shape
-—) Very powerful when combined with X-ray crystallography
- P The principle of X-ray diffusion
Origin of diffusion princip Y
the diffusion arises from heterogeneity of density I"b':;gfnm Sample sai;:gse p Detector

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)
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What are we measuring?

X-ray source X-ray detector

Sizes mr asured

0= %”sin(e)

Sample
d 2
Q Q[A?] D [nm] 20 [deg]
12keV
1 0.6 10
0.1 6 1
0.01 60 0.1
0.001 600 0.01
0.0002 3000 (3 um) 0.001

Detector dynamic range is important — Intensity ~ g

Experimental setup Argon National Lab USA

SAXS/WAXS setup at 12ID-B at APS|

11,

Important parameters to set up an experience

- minimum 5 concentrations = 2-10 mg of protein

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

- Cell : stopped-flow : exposure time 30 x 500ms

10 min for acquisition or HPLC
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Experimental conditions

Crystallography
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Comparison of methods

SAXS crystallography

' 1D SAXS profiles
average of conformation in solution average of atomic crystal structure
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ab initio molecular replacement
molecular modeling envelope, shape MAD, SAD, MIR... 3D atomic structure
The measurement of diffusion often contains a lot of 'noise’ t.
Limiting factors : aggregation, heterogeneity Limiting factors : diffracting crystals, phasing signal
Information from small angle scattering
the diffusion vector q:
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LA A R, : Mean square of atomic distances from center of gravity,

The radius of gyration R§= —
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Relation of R, to molecular weight (Mw) -

roughly linear ONLY for spherical proteins
Guinier Plot: interactions & sample condition
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Figures from: Putnam, D., et al. (2007) Quart. Rev. Biophys. 40, 191-285.




S . . . .
molecular weight L — SAXS crystallography
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Back to real space: distance distribution function

Lnl

=> Transformation into real space with a Fourrier
transform F (I(q)) :
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-Function of distribution o1 , «
distances between all
atomes.

- Histogram of all existing
intramolecular distances

SAXS and P(r) of different forms

— Solid sphere
Ig I{s). relative Long rod plr), relative

0~ e Hollow sphere

e Dumnbbell

Adapted from: Svergun, D., Koch, M. (2003) Rep. Prog. Phys. 66, 1735-1782.
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As well the form and the value of D, vary for different options

Humicola insolens
EGV native and truncated

Mw = 38 kDa N = 210+36+2% aa
Rg (A) Dinax (A)
Catalytic domain 17.3+0.3 45+5 3
EGV without CBD 30004 100+ 10 £

g Linker : =~ 0.7 residues/A

Distance distribution function

55 A

125 A




Small angle scattering

Lnl
P(r)

I vs gq(ous)

r

0 (0= 4n/A sine)
Guinier approximation \ / Distance distribution function P(r)
=1 I(q) exp(-2miqr)dq

maximum distance D,
overall shape of the object

I(@) = 1(0) exp(-q* Ry?/3)
Radius of giration
1(0) Molecular weight

\Lnl
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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

Reciprocal space 1D profile reciprocal

Reciprocal space
2D isotropic image Space

Real space 3D Molecule
2D anisotropic image

Fixed Averaged Radial g ik
orientation orientation averaging -+
Lose phase Lose |

| orientation

How to reconstruct the 3D structure
from the 1D SAXS profile ?

Ambiguity of the solution:

| One 3D structure — One SAXS curve BUT One SAXS curve — Many 3D structures

ab initio calculation of overall shape
—) Fill envelope with dummy-atoms with a given diameter
(3.8 to 104)

S1 shape reconstruction

Step 8 Temperatwe = 0478E-03 Chi= 1B.51
S w1
2

0 D:ﬁ’:nﬁanﬁ‘snﬁa 0-1 D-|20.|4D|60 18
3 [1iA]

Global shape of macromolecule in solution

Respective position of sub domains (known 3D structure)

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

Shape calculations

Calculation of an envelope filled with pseudo-at
of variable diameter (3.8 to 104) !

Simulated annealing with constraints to
minimize the surface
Simulated annealing with distance constraints of
close neighbors @-3.84

e

-

(D. Svergun)

Genetic Algorithm without external constraints a9

depends on resolution
(F. Dia2)

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




DALAI_GA

DAMMIN GASBOR

quaternary structure in solution and complexes

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

— Find the respective position of each sub-unit

Rigid Body Modelling

Interface Interface
doigts-dolg

conformational flexibility

=) Comparaison of solution structure to crystal structure

i Calculate theoretical diffusion curve of a macromolecule
taking in account the hydratation shell
‘ (D. Svergun)

) Calculate the conformation of a missing loop @

A4 position of C, of a :
missing domain or portion of overall structure ‘%

(D. Svergun)

=y Comparaison of solution structure to crystal structure

........................ more programs

Svergun D, Barberato €, and Koch M.H.J. (1995) CRYSOL - a program to evaluate x-ray solution scattering of
biological macromolecules from atomic coordinates.

J. Appl. Cryst. 28, 768

Most popular for BioSAXS, stand-alone program, fit model to data, fast computational algorithm
http.//www.embl-hamburg.de/biosaxs/atsas-online/crysol php

Grishaev A, Guo L, Irving T, Bax A. (2010) AXES Improved Fitting of Solution X-ray Scattering Data to
Macromolecular Structurels and Structural Ensembles by Explicit Water Modeling. J. Am. Chem. Soc. 132,
15484-6.

Use explicit water modeling solvation layer, robust fitting approach
http.//spin.niddk.nih.gov/bax/nmrserver/saxsil/

J. Bardhan, S. Park and L. Makowski (2009) SoftWAXS: a computational tool for medeling wide-angle X-ray
solution scattering from biomolecules J. Appl. Cryst. 42, 932-943

A program to compute WAXS,

Upon reguest

Schneidman-Duhovny D, Hammel M, Sali A. (2010) FoXS: a web server for rapid computation and fitting of
SAXS profiles. Nucleic Acids Res. 38 Suppl:W540-4.

Debye-like computation, web server based

http.//modbase.compbio.ucsf.edu/foxs/

Zuo X, Zhang R, Tiede DM. SolX: A computer program for solution molecular x-ray scattering simulations .
Photosynth Res. 2009 Nov-Dec; 102(2-3): 267-279.

Debye-like computation, Windows-based, can handlle non-standard atoms/residues, for biomolecules and
supramolecules

Upon request zuox@anl.gov, tiede@anl.gov




Group of Dmitri Svergun:

MBL

Biological

Small Angle Scattering

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

SAXS Forum:

http://www.saxier.org/

Comparison of methodological limits

SAXS

v’ provides envelope or overall shape

average 3D conformations in solution

needs pure samples

large quantities

supports irradiation with time
does not form aggregates

“low resolution” — no atomic information

SN N R VR

average of particles in solution

crystallography

v’ provides an atomic (average)

3D structure of the crystallized molecule

needs pure samples

large quantities

produces Bragg diffraction

v

v

v’ crystallizes
v

v' no information of conformation in solution
v

(almost) no information on dynamics

Complementarity of the methods

SAXS

mean global conformation
in solution

______________________

1
allows to verify which oligomerisation !
is compatible with exp. SAXS curve '

crystallography

|

' Ambiguity about domain
| (or loop) organisation/conformations
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SASDAXS - Ribokinase ThiM
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\Porod 1451 nm? '




Conclusions
Time and Length Scales by Biological Sub-discipline
107 Pop. Genetics
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