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INTRODUCTION
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o Principles of Small Angle X-ray Scattering in solution

O O i | . |
3 e
Detected : 1(Q) =~ q=k, -k
P 270
ki = _ﬂé)l
A
Sample _
Radial average
C > 0.1 mg/mi _ _
V> 6l ) 2D detector (isotropic sample)

SAXS provides structural information about macromolecules in solution
 Limits
« spherically averaged information - low resolution
* non unicity of the solution
« does not distinguish elements in a mixture
«Advantages
« solution ( no crystal ) - kinetics, titration, T°, P

Ln(l)

« relatively easy to carry experiments
» can be checked against atomic models

‘ SAXS is at its best when complementary (structural) information is available

q=4xsin@/A, in Al
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o Principles of Small Angle X-ray Scattering in solution

©C O ' | |

Structural information directly obtained from a scattering curve

*biophysical parameters: size and type of shape (globular, multidomains, unfolded, ...)

*molecular weight, oligomerization state and volume

3D structural modeling

possible low resolution molecular shape (ab initio methods)
edirect comparison with high resolution model

possible model of (un)structured missing parts

*rigid body orientations within multidomain structures

- Models « compatible with SAXS data »
NOT unique models, NO electronic density maps.
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Structural information about macromolecules in solution

Nothing known (except the curve)
\ - Shape determination )

‘ DAMMIN
g DENFERT
Known or supposed all-atom models
e Model validation / eliminat CRYSOL
= odel validation / elimination
\ FOXS
Structure of subunlts available o . SASREF
Rigid body modeling BUNCH
\ 3% of the complex CORAL
- l DADIMODO
Zones of supposed high flexibilit
PREREES ! . : EOM
—————— : e Selection within an Ensemble £
o e p SR \,_,,\_“ 1 £
o | of Random Conformations MES
-t RN —
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What may solution scattering yield?

1.00

0.67 0.50 0.33

Resolution, nm

Internal
structure
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10 q, nm-t 15
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SAXS BASICS
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Elastic Thompson scattering by an electron

« What scatter X-rays are the electrons

KR—ct )

= cos(2<9)ei(

E(Rt)=-1 :
0z

R

X-ray incident beam
Wavelength A=2n / k

=2,818 10™°m

I, = e
/ 0 47z'gomcz

* I, is called the electron classical radius

Solution X-ray Scattering from Biological Macromolecules 5th School of Saxs Data Analysis, 2016 May 2nd — 6th, LNLS, Campinas ©

ccccc



Scattering amplitude by a a particle

Coherent scattering :
summing up amplitudes

« « Number » of electrons in volume d3r : dp=p(r)d3r

Wavel:E,(R,t)= _%ogo’(z@)ei(m_wt)

Wave 2: E(R, t) = _rEOE(Z@)ei(kR_Wt'*E'F‘E'F)

Phase shift between waves 1 and 2 :

Ap =k 7-kg 7= (ki—kq) 7=—qG 7 4 = Momentum transfer
q= HaH _ 47sin(0)
A
« The scattered wave is the sum of the waves scattered
by the electrons of « all the volumes d3r »
Particle scattering « length » (or Amplitude): A(Q) = —rojpe (r)e”'*'d °r
Vv
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Intensity scattered by a sample — Auto-correlation function

Scattering amplitude A((_:i) = —rojpe (F)e_ia'Fd r
v

Scattering intensity per unit volume : I(Q), usual unit: cm™.

-1 **_ro2 Nai0h o \atiah {3 43
(@)= AA (q)—ﬂ Jpe(rl)e po(r,)e"d°rdr,

2
p 5\ (7Y emidin
I(q) :%J‘J‘pe(rl)pe(rz)e q(l 2)d3r1d3r2
VYV

2\ 1 — - -
Auto-correlation function y(r) : Ve (r)= \7 j Pe (r')pe (I’ + r')d °r'
Vv

—_ 2 - _._’.“ - - - -
| (q) =T J-;/e (r)e 9Td 3r The scattered intensity is the Fourier Transform of
v the electronic density auto-correlation function

Solution X-ray Scattering from Biological Macromolecules 5th School of Saxs Data Analysis, 2016 May 2nd — 6th, LNLS, Campinas ©

:::::



Particles In a

A particle Is described by the associated electron density distribution p, (r).

In a matrix, what contributes to scattering is the contrast of electron density

between the particle and the matrix Ap(r) = p, (r) - po that may be very small for
biological samples.

p A
el. A3

p =043 |”

P, = 0.334

matrix
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Particles inserted In a

» Scattering amplitude ‘ . .
— —

f (q): —rojAp(F)e‘ia'Fd?’r, q=0
: ‘4
Y

Particles
« Ap(F) is the contrast of electronic density and describes the scattering object

/ Electronic Density Contrast
Particles volume

« f(q) is the Scattering Amplitude of the ensemble of the particles
« Scattering intensity per unit volume
— 1 — * —
| (q)= —Tla)f a
V
Irradiated volume

* 1(q) is expressed in cm™ and is directly related to the measured intensity
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Particles in solution

Particles in solution have random orientation, both in time (thermal motion) and in
space (no long range correlations). The sample as a whole is therefore isotropic. As a
result, the scattering intensity only depends on the modulus of Q , Q =4 sin(6) /A.

Scattering from a single particle (—» *(—»)
in solution, averaged over time: /Il(CI) = < fl g fl }>Q

1(0)= 2V, (0

obj \
The form factor P(Q) is the

normalized signature in g—space of a | (C]) Particle volume
particle in solution. P(q)= - >
o Voo (A0)

Average Electronic |

Solution X-ray Scattering from Biological Macromolecules 5th School of Saxs Data Analysis, 2016 May 2nd — 6th, LNLS, Campinas ©

ccccc



Basic law of reciprocity in scattering

All, including large, distances Ar ~ <_———"> Small scattering angle g
In the particle

Short distances Ar in the particle <:> Large scattering angle g

/

2
=T -~ = ialrr;
1@ =& [ [ 4 (D0, (R)e lara,

ViV,

Phase : g-Ar
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Basic law of reciprocity in scattering

Rotavirus VLP : diameter = 750 A, 44 MDa

5 Lysozyme

10" D,.=45 A
14.4 kDa

1(Q)/c

Typical range on beamline SWING
2103<q<710LAL
750 A> D, 10" | \

3100 A > dgyagq> 9 A 0 0.125 0.25 0.38

q=4x sin® / A (A1)

Long distance correlations <==> modulations at small g
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A SAXS curve results from a pair of
measurements : solution & buffer

Log scale

2.9 Iso/ution (q)
I buffer (q)

. - |

Ipartic/es ( q) - Isolution (q) - Ibuffer (q)
Isolution (q) = Ibuffer (q) — Ipar'ticles (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, sample holder etc) which should be reduced to a minimum.
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Do not get mixed up !

contrast effect

-

aplr)= ol )- o

(onfoifear ), -
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Monodispersity and ideality

« Monodispersity

* Yes < ldentical particles

* No < Size and Shape polydispersity

* Ideality

* Yes < No correlations between particles positions
(No short-range or long-range interactions)
* No < Correlations between particles positions

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

+ Ideal 1(q) = Zii(Q): Z< f (a)fi*(a»Q

i=1,N iI=1,N

- Monodisperse i, (q)=1,(q) whatever i

« Ideal and monodisperse 1(q) =N i1(q) = N< fl(a)fl*(a»g
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,(q) 'dea“t}y I(q)

Monodispersity

One must check that both
assumptions are valid for the
sample under study.

molecule
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Checking the validity of both assumptions for the sample
under study is crucial for non erroneous data interpretation

» Size Monodispersity must be checked independently
-> Purification protocol :SEC, DLS, AUC, MALS, etc.

» ldeality : reached by working in buffers with screened interactions or at high dilution
=> In practice : measurements at decreasing concentrations and checks whether
the scattering pattern is independent of concentration.

i Lol mem Al
B L Aoy i G ok o B D o M 3 b it e S T T T T T T T T T T T T T I
<oz iz
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o SE-HPLC / Solution Sampler

@ .. N ' Flow rate 250 pl/min « Monodisperse solution

Small molecules
enter the

within beads

Large

cannot enter
beads

« Small volumes (~ 10 pl)

« No dilution

* High rate (a few minutes)

Solution X-ray Scattering from Biological Macromolecules

o

e |« Equilibrium states can be transiently separated

@ 5
+3 9
BGUEOUS SPaces -

N « Automatic concentration series

maolecules |

Flow rate 5-40 pl/min

» Aggregation is eliminated
* Oligomeric conformations can be distinguished

3
-, a2

=5 | « Perfect background subtraction

-2 At

Size Exclusion Incident X-ray

Flow direction

L]

UV-Vis
in

UV Detector (280 nm) i SAXS

UV-Vis
out

—
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DATA ANALYSIS
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Data Analysis

* Guinier Analysis
 Kratky plot : why is it so interesting ?

» « Real-space SAXS » : Distance correlation function P(r)
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 Guinier Analysis
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Data Analysis
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Data Analysis : Guinier law

Close to g=0, the scattering intensity of a particle can be described
by a Gaussian curve.

The validity domain actually depends on the shape of the particle
and is around q < 1.3 / Rg for a globular shape.

Prof. André Guinier
1911-2000
2 2 Orsay, France

1(@)=1(0) exp[‘ : 3Rg

Extrapolated intensity at origin Radius of gyration

Guinier law, in Log scale :

2

In[i @] =1n[1 @] - =2

The Guinier law is equivalent of a linear variation of Ln(1(q)) vs g? (Guinier plot).
Linear regression on the experimental Guinier plot directly provides R, and 1(0).
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Data Analysis : Guinier law

Guinier analysis
R, = size
1(0) = mol mass / oligomerisation state

RZ
In[1(g)] = In] I(O)]—?gq2

Validity range :

0 < R,g<1 for a solid sphere

0 < R,g<1.3 rule of thumb for a
globular protein

Solution X-ray Scattering from Biological Macromolecules

I(a)

1(0)

0.4 ..
[ )
[ ]
o
[ ]
0.3 e
qR,=1.2 .,
0 0.001 0.002 0.003
2 ,2-2
q (A7)

0.004
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rar

Radius of gyration LrZAp(* .
2 f— VERN
RYup = [ Aol hr

Lysozyme

Useful definitions of Rg

RZ = %é HrID- %ﬂﬁr by atoms

oot

vy

=t RS:Qr(r)rzdr/Ql‘(r)dr by electron density
R = @&l il vwom e
9 2N(N- 1) L e i~ T y atom pairs

Rj = % c‘j‘ 2 p(r)dr/ c‘p(l’) dr by pair distribution

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

R, radius of gyration Sphere Rg — \/E R
Ry, hydrodynamic radius (not always > Rg!) S
Rp maximum hard sphere radius Thin rod Rg — / 11
R, radius of mass-equivalent sphere L2

* center of mass of the electron density Thin disk R; = \/% Rji «
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Mass retrieval from Guinier analysis

1Q)=1(0) exp[‘ QBRQ—)

/

Absolute Unit : cm™?

Classical electron radius

cEM T Vo, —p rzAppm()dr
1 (0) \]N/ [ ( prot '\buf )]2 LL Aol )dr

Mass/concentration\ Electronic density contrast
Protein specific volume

Rg depends on the volume

1(0) gives an independent estimation AND on the shape of the particle

of the molar mass of the protein
(only if the mass concentration, c,

' i For globular proteins : R, (4) = 6.5 *M3 M in kDa
is precisely known ...) J P (A) =

For unfolded proteins : R (A) = 8.05 x M 0522
Typ|Ca“y : Bernado et al. (2009), Biophys. J., 97 (10) 2839-2845.

M (kDa) = 1500 * 10 (cm™) / C (mg/ml)

Solution X-ray Scattering from Biological Macromolecules 5th School of Saxs Data Analysis, 2016 May 2nd — 6th, LNLS, Campinas ©

:::::



Example of Mass retrieval from Guinier analysis

Hen egg-white lysozyme

«C =5.6 g/l

«Average of 8 frames of 2s
*Buffer subtracted
*Normalized by solid angle
*Normalized by transmitted intensity

2

- R
In[I ()] =1In[l (0)]—79’@2

R,=15.1+0.03 A
lexp(0) = 0.0543 cm?

From 1(0) provided the set-up was calibrated to give

1(Q) in absolute units (cm):

Meyp(KD@) = Iy, (0) *1500 / c,
> My, = 14.6 kDa

Solution X-ray Scattering from Biological Macromolecules

I_ I uinier Plot: globular panticle
n File name: Lyso_5.6_sub.dat

| Particle type = @

= 15.1 +

1 1
a.88488 a.e02d8 a.e0448

26—Sep—2088  13:35:16

Points 37 to 184 fidel = 1.88
sRg limits : _A.288—+tvo 28

GUINIER

-23e-
= B8.13911 + 1.56e—

gRg=1.3

D:~Actionjava 1 .3\UTILISATEURS:pourhplc\DATA_LD

‘Finished |Input pending in Graphics Window

From Rg, supposing the protein is globular:

Mgq(kDa) = (Rg / 6.3)3
> Mg, = 13.8 kDa
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Evaluation of the solution properties

Irreversible aggregation

— Useless data: the whole curve is affected
100

100

| ol
* 3.4 mg/ml X‘
* 7mg/ml i Approx. expected curve

1(q)

I(@)

01} .
001 |
‘ ‘ ‘ 0.001 ‘ ‘ ‘ \ |
° 0001 2(2)22 0003 0.004 0 005 01 015 02 025 03
q° (A™) .

1(0): > 150 fold the

expected value for the Swing — Domaine 1-242 de RRP44 — 07/08
given MM

(Courtesy D. Durand, IBBMC, Orsay)
Solution X-ray Scattering from Biological Macromolecules

ccccc



Evaluation of the solution properties

Weak aggregation

Nanostar —PR65 protein

200

1(Q)

100 |
920

80
70

60

| QR,=13

50 ! ! !
0 0.0005 0.001 0.0015 0.002

o’ (A%

A R, ~ 38 A - too high!!

Solution X-ray Scattering from Biological Macromolecules

1(Q)

(Courtesy D.

possible improvement

centrifugation, buffer change

200

100 |
[ ]
90 ..
80 ¢

70 QRg=1.3

60

50 I I I
0 0.0005 0.001 0.0015 0.002
q' (A%)

R,~36 A
Durand, IBBMC, Orsay)
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Evaluation of the solution properties

Guinier plot

> A linear Guinier plot is a requirement, but it is NOT a
sufficient condition ensuring ideality (nor monodispersity)
of the sample.
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Evaluation of the solution properties

Guinier plot

= o1lf -
qR,=1.3
0.01 ‘ ‘ ‘
0 0.001 0.002 0.003 0.004
9 (A%

N. Leulliot etal., JBC (2009), 284, 11992-99

Solution X-ray Scattering from Biological Macromolecules

same Rg at all three
concentrations

No interactions.



Evaluation of the solution properties

Guinier plot

M primus

. | GUINIER

Particle type = @

Points 1 to 2% fidel = 8.8

sRg limits : B8.295 to 1.85

Ry =49.3 + 6.12e-3

a = 362.31e-5 + 2.06e-?

gax2xE-3

RNA molecule
L. Ponchon, C. Mérigoux et al.

@8-Dec-2089  11:24:11
Running (Input pending in Graphics Window
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Evaluation of the solution properties

Guinier plot

M primus

. GUINIER

Particle type = @
e Points 3 to 25 fidel = 8.8
* sRy linits : 8.481 to 1.88
Ry =56.6 + 1.12e-2
a = 203.86e-5 + 2.82e-7

1 1 1
6.88 8.18 8.28 8.38 8.48
swen2»E-3

RNA molecule
L. Ponchon, C. Mérigoux et al.

@8-Dec—28AF  11:23:27
Running (Input pending in Graphics Window
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Evaluation of the solution properties

Guinier plot

M primus |’L"’E|E|
File AutoRg  AverAsc Gnom Peak Axis Mar2D Detector COligomer Miture SwdPlob Bodies Save_data Help  Version 3.0
M Graphics Window. |’L”’El X
e
A GUINIER
|
‘ln I ; Particle type =
e Points 2 to 24 fidel = 8.8

sBRg limits = 8.391 to 1.11
Rg =59.9 + 1.74e-2
= 187.84e-5 +- 1.7le-7?

RNA molecule
L. Ponchon, C. Mérigoux et al.

08-Dec-20@89  11:21:04
Running (Input pending in Graphics Window
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Evaluation of the solution properties

Guinier plot

RNA molecule
L. Ponchon, C. Mérigoux et al.

Solution X-ray Scattering from Biological Macromolecules

File AutoRg  Averdsc Gnom Peak Axis Mar2D Detector Oligomer Misture SvdPlat Bodies Save_data Help  Version 3.0

M Graphics Window

L GUINIER
‘1" I I Particle type = @
2.5 T | Points 5 to 24 fidel = 8.8
. F sRg limits : B8.496 to 1.13
! Ry - 68.8 + 3.18e-2
| = 561.92¢—% + 1.6@e—7
|
|
[N
i A A
-
2.0 !
-8.5)
Pl I P
9.0
I
8.00 8.18 8.20 0.38 6.48
sxx2xE-3

B8-Dec—-20@9  11:19:53

Running (Input pending in Graphics Window
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Data Analysis

« Kratky plot : why Is it so interesting ?
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Kratky Plot

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

1902-1995
Graz, Austria

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

Log{ 1}
| 1-0 -
15 ~ Unfolded

g2 1(q) versus q

q*1(q)
=
h

v

Partially unfolded

-35
Folded

0.1 0.2 0.3 0.4 05

Folded particle : bell-shaped curve (asymptotic behaviour I(Q)~0)

Random polymer chain : plateau at large q-values (asymptotic behaviour in I(Q)~ O?)
Extended polymer chain : increase at large q-values (asymptotic behaviour in I(Q)~ Q%)
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Kratky Plots of folded proteins

0.0025

0.002

0.0015

2 1(Q) / 1(0)

Q
o
o
o
=

0.0005
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Dimensionless Kratky Plots of folded proteins

Introduced for biology in Durand et al. (2010), J. Struct. Biol. 169, 45-53.

The relation Mgy(kDa) ~ (Rg / 6.5) only works

For globular structures, DLKPs for the globular structures, not the elongated
fold into the same maximum l
1.6 :
G-Actin
Rg=23.2 Angs, Mass=41.7 kDa
14 - ASNP
Rg=26.0 Angs, Mass=71.4 kDa
ASDG
1.2 - Rg=35.6 Angs, Mass=146.6 kDa
~—~
=
_— BCDA3
=~ 1~ Rg=51.7 Angs, Mass=144.4 kDa
o
=
o 0.8 -
~
(@)
@
@y 0.6 -
N
0.4 -~
0.2 ~
0 !
0 2

The maximum value on the dimensionless bell shape tells if the protein is globular.
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Dimensionless Kratky Plots of (partially) unfolded proteins

Receveur-Bréchot V.and Durand D (2012), Curr. Protein Pept. Sci., 13:55-75. IB5
3.5 ‘ w ﬁ%";p-— unfolded \,\__.\\ e N
""""" PolX B ‘
<] N p47 :1?#'?‘*" A
— o feescccececocos
e IB5 e ‘ ? i XPC
o 25} o - ; R P e
E/ '-‘,f : K’/E '\/:
—~ - | { X 3
=) s :
= 21 -~ . I X
N -~ i i i
= "
S 15|
1.1 1
1 =
05|
0 0'
The bell shape vanishes as folded domains disappear and

flexibility increases.

The curve increases at large Q as the structure
extends.
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Kratky Plot : NCS heat unfolding

| 0.007
T
/:K\ W 0.006
~0.005
T=22°C T=76°C e
< 0.004
A In practice, thin Gaussian Q_,
chains do not exist. NC—} 0.003
In spite of the plateau at T=76°C, 0.002
NCS is not a Gaussian chain when
unfolded, but a thick chain with 0.001
persistence length

Pérez et al., J. Mol. Biol.(2001), 308, 721-74-

I

I

T

]

T

-

I[Y’Yl]l'

|

ll]l'l’lf7111171r]l1

1=61.6 C
—— T263.4°C
T=65.1°C
— T7=66.8°C
— T7=68.5°C
T=70.1°C
T=71.9°C

- T=75.4°C
T=76.8°C

1

A

0

A

0.05 0

015 02 025 0.3

QA

CAPI
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Molecular Weight estimation based on Porod invariant

http://www.ifsc.usp.br/~saxs/saxsmow.html

* does not require knowledge of concentration
* relies on Porod Volume theory + structural database
* does not work for proteins with unfolded domains

File About

Recent methods for MW estimation based on similar though different grounds were developed
Rambo R. And Tainer J. (2013), Nature, 496, 477-481.



Data Analysis

» « Real-space SAXS » : Distance correlation function P(r)
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Distance Distribution Function p(r)

The distance distribution function p(r) is
proportional to the average number of
atoms at a given distance, r, from any
given atom within the macromolecule. P(R) 4

Protein

p(r) vanishes atr = D,
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Relation between p(r) and 1(q)

Intensity is the Fourier Transform |( )_
of self-correlation function y,(r): 4)=

And P(r) = Vo5 (1)1

Fourier Transform for

otron I
Then : |(CI) 47[r (PJ‘ p( )qu(?r) Isotropic samples
:
And : p(r)_ J‘ 2|( )Sln(qr)
27° Qr,

p(r) could be directly derived from I(q). Both curves contain the same information.

However, direct calculation of p(r) from I(q) is made difficult and risky
by [Qmin,Qmax] truncation and data noise effects.
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Back-calculation of the Distance Distribution Function
Glatter, O. J. Appl. Cryst. (1977) 10, 415-421.

Main hypothesis : the particle has a « finite » size, characterised by D,,,. S er

] Guinier Pri_ze 2012
* D, IS proposed by the user Graz, Austria

* p(r) is expressed over [0, D,,.,] by a linear combination of orthogonal functions

M
ptheoret (r) — Z Cngpn (r)
1

* 1(qg) is calculated by Fourier Transform of py,eqrei(r)

D
f sin(g-r)
(D) =470 | Preora (1) dr
0 q-r
Svergun (1988) : program "GNOM™
M ~ 30 - 100 = ill-posed LSQ = regularisation method b, G,

+ "Perceptual criteria” : smoothness, stability, absence of systematic deviations
« Each criterium has a predefined weight
* The solution is given a score calculated by comparison with « ideal values »
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Distance Distribution Function

Experimental examples
Heat denaturation of Neocarzinostatin

ﬂp”-»

T=22°C T=76°C

f
L‘

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

|
B =61.6°C T=70.1°C d
0.004 —— T=63.4°C T=71.9°C
——T=65.1°C
. —— T=66.8°C T=754°C |
SN __0.003 T=76.8°C
/ \\ -
/ 5 o 4‘0“
f N 0.002f ¢
/ \
ff M ‘ |
/ . 0.001 i 1
| / ., 0 30 40_%0 € 70 80
,f Ny TC)
if “‘“\‘“‘-«. O b F— e AN b A A E o . . J
I L T 5
o . 0 20 40 60 80 100 120
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Distance Distribution Function

Experimental examples

Bimodal distribution

Topoisomerase VI 0.0008

0.0007 |- .
0.0006 |- .
0.0005 |- .

0.0004 |- .

P(r) / 1(0)

0.0003 |- :

0.0002 | .

0.0001 |- i

0 ! ! !
0 50 100 150 200 250
r (A)

M. Graille et al., Structure (2008), 16, 360-370.
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Distance Distribution Function

Scattering curves obtained on different complexes Spire-Actin and Actin alone

log I

<1> KA4-ATP.dat
0.0 [ €2> BCDA3-ATP.dat
€3> CDAZ2_mod.dat
4> Di.dat

¢5> actin_lat.dat

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

P(R) KindABCD-A4

f

o

o

P(R)

f

BCD-A3

Dmax =210 .

Complexes Radius of gyration Maximum diameter
M 75.5 A 285 A
\’/ 55.5 A 210 A&
\’/ 38.9 A 130 A
Q— 25A 75 R
‘ 23.14 70 A
PR) CD-A2 PR) D{_— AL

At

Dmax = 75

Solutlono@ray Statteringfrtim BialagioalMacromolecules
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Distance Distribution Function

The radius of gyration and the intensity at the origin can be derived from p(r)
using the following expressions :

Dmax 2
J r“p(r)dr

0

Dmax
2_[0 p(r)dr

Rg - and I(O): A7 rez(pjoD p(r)dr

This alternative estimate of R, makes use of the whole scattering curve, and is less
sensitive to interactions or to the presence of a small fraction of oligomers.

Comparison of estimates from Guinier
analysis and from P(r) is a useful cross-check.
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A FEW EXPERIMENTAL
CONSIDERATIONS
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Schematics of beamline SWING

| |
Experimental Hutch — Optics Hutch

Yo, “w—

b ¥

2 x Si(111) DCM
S —17 ke

—_

Vacuum chamber housing Q]
X-rays detectors

Full flux
5.102ph/s @ 12 keV

Beam size (FWHM)
400 (H) x 25-100 (V) pm?
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file://FILER-EXP/Experiences/PEREZ/Rapport2008/HPLC 010.MOV

Set-up for BioSAXS at Beamline SWING
; P SULEIL

O O : G. David and J. Pérez (2009), J. Appl. Cryst SN CHROTRON

’ 4. | I\
L 7

ample circulation

Details of the BioSAXS cell
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Transmission and buffer measurements are crucial

 Transmission
 The experimental scattering intensity must be normalised by transmitted intensity.
 Transmission intensity must be measured with high accuracy (~ 0.1 %).

®, I
P

. Buffer Incoming flux Transmitted flux

« Buffer and protein samples must be measured in the same cell for correct subtraction of
parasitic background arising from slits and holder walls.

* The buffer in the buffer sample must be identical to that of the protein sample (dialysis,
SEC, ...).

Iparticles (Q) — Isample (Q) B Ibuffer (Q)
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Particles in solution

Relation between the the number of measured photons AN, on a given pixel of the
detector, making a solid angle AQ, and the Scattering Intensity per unit volume :

Differential cross-section

/

Number of detected scattering photons

/ in a given pixel

1 do
(g)= =22
() Vo

()

AN, 1 D?

N, T-e PxSjze? | *Distance sample-pixel

\

Scattering Intensity per unit Volume

Solution X-ray Scattering from Biological Macromolecules

Irradiated volume \\‘ Sample thickness

Sample transmission

Number of incident photons
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Calibration of the set-up using water scattering

(@)
. n\ _ NP
iquid scattering (theory): 1(Q) =constant at small Q =r,"Z°p," - KT x;
lh20theory = 0.0163 cm? Molecular density Isothermic compressibility
= i BEL (0
== Water is used as primary reference
to get the absolute intensity scale
0.8 | €1> Water_2s_sub._dat J

«Capillary diameter =1.6 mm
*Average of 2 frames of 2s
*Empty capillary subtracted
*Normalized by solid angle

*Normalized by transmitted intensity

Example:
lhooexp = 0.042 Exp. Units
il IH20,exp = Kexp* IHZO,theory

- Here : K,,,=2.56 Exp.Units / cm'?

D:~Actionjava_1.3~UTILISATEURS\pourhplc:\DATA_1iD
26—Sep—28088 11:16:28

Finished |Input pending in Graphics Window

- For any sample in that capillary : 1., (cm™) = I, / K., = 1., [ 2.56

exp

Solution X-ray Scattering from Biological Macromolecules
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Protocol for data collection and treatment

Data collection
1st case : the solution is supposed to be monodisperse
» Test radiation damage (7pl) = determine frame irradiation time

—1(q)_p124_015_1stest_im_00_00
——1(q)_p124_014_2stest_im_00_00 —1(q)_p124_015_1stest im_02_00
—1(q)_p124_014_2stest_im_01_00
0,8 | — I(q)_p124_014_2stest_im_02_00 0,8
0,7 : ! 07 t ——— I(g)_p124_015_1stest_im_05_00
{| —Wa)_p124_014 2stest im_04_00 06 —— I(q)_p124_015_1stest_im_06_00
" 1(q)_p124 014 2stest im_00_00 06 1 3 ' ———I(q)_p124_015_1stest_im_07_00
—1(q)_p124_014_2stest_im_01_00 ! - - - - =
10 ] —— I(q)_p124_014_2stest_im_02_00 J——r 05 | | —— 1(aq)_p124_014_2stest_im_07_00 J 05 | — I(q)_p124_015_1stest_im_08_00
i | —1(g)_p124_014_2stest_im_08_00 " " "
—1(q)_p124_014_2stest_im_04_00 | . - -
0,4 0,4
———I(q)_p124_014_2stest_im_07_00 : : :
— 1(q)_p124_014_2stest t_im_08_00 T T T
0,3 r 0,3 _— iy= -
! TR e 1s irradiation
g : : :
2s irradiation ; ; ;
02 02 f ‘ ‘ ‘
\_”_”/
——
01 E—
. gl
T -
0L - oLl | S TS ]
0,09 + 0,09 | : : : N |
0,01 0,08 . 0,08 L L e
6 o1 02 03 04 05 06 0 0,02 0,04 0,06 0,08 01 0 0,02 0,04 0,06 0,08 0,1
q(A-1)
q(A-1) q(A-1)

« Data collection on concentration series (25 ul) - take account of long range interactions
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Protocol for data collection and treatment

Data treatment

« Subtract buffer - all curves 1(Q)/c must superimpose at high Q
 Determine I, and Rg > check for mass (aggregation ?) and long range interaction effects

= mal aloi
Be Lo fuchg fveisc Gom Pesh ik M Oetecor Qhowmer Muhre Sot Dodes Save dats beb Versun 30 Bo Lri. fuboRg fvecise Guom osk fsis MlD [stector Qigomer Mpturs Svibict fodes Save dats blp Versend.0 Flo uc Auodp Averdsc Gom Bok Axs Ha2D [isctor Choomer Midws Gudbit Podes Srve_data Hep Versnd0
<1121 FEE nion

1= S|

* If necessary, merge low c (low Q) and high c (high Q) curves
« Compute p(r) = should gently vanish at D,
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Here, slight repulsive
interactions alter the
concentrated curve at
small angles

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

Solution X-ray Scattering from Biological Macromolecules

PRIMUS: combining data

File Tools AutoRg Awerfsc Gnom Peak fxis Mar2D Detector Oligomer Midure SvdPlot Bodies Save_data Help  Version 3.0

PLOT

<1> Sub_YH_2@gL_29_protein_radi28_3262.dat
<2> Sub_YH_28gL_31_Protein_radl28_<4264.dat

-4.8

Data processing x|
éctive Toggle| FlleMame Range| Units  nBea [~ Syn rEnd  Conc

T e T s s
@ 2| [z [seect|[T =| [T =[] [lomo  [fom
83 |—ﬁ”1_jl1_:|l BBBSj [rooo oo
a4 |—ﬁ||1_j |1_:|I aaasﬂ |1nT 1.000
roas| [ sekat|[l jl1—j‘9999j [f.ooo " [rom
6] |—ﬁ||1_jl1_:|| som | [loo [lo
ez [ ssest| [T [ A [EE [ [fow
rowe| [ ﬂlh_jh—j B
" - b1l 0 ¢ a3 ﬂlrﬂh—j%aﬂj [rooo oo
A S R Fw [ s | [ [ e [ fow
” (REE N ——w = = e I
ranl [ el [ [y [ oo

Plot Suhlracl el SamEud e | [ || e Hesewej (Hoe

Range for plotting: from |1 to 3993 Fullrange [~ Plot Rangs
-18.8~ : L L L L . out seect | 1 Af s = [1o00 1.000
w.10 B.28 B.38 0.40 0.58 o[ 6o o] seka| [ = o |

Multplier

hRRRRRRRREN

25-Feh—2811 17:51:88

Il Command Window
Torking directory: ¥:42z0090507published-data) Truanbec20104Truan 28_29 bisy
File to he opened: Sub_YH_20gL_2S_protein_radl2d_3262.dat
WUorking directory: Y:\ZEIEIEIEISEI'/\puhllshEd—ds!:a\TruanDec:ZEllEl\Trusn73D7317b1s\
File to he cpened: Sub_YH_20gL_31_Protein radlzs_4264.dac
Plot: view experimental data

Running [Input pending in Graphics Window
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PRIMUS: merging data

=18l

File Tools AutoRg Averdsc Grom Peak Axis Mar2D Detector Oligomer Midwre SvPlob Bodies Save_data Help  Wersion 3.0
Bl Graphics Window =10 x|

PLOT
log I

<1> Sub_YH_2@0gL_31 Protein_radl28_4264.dat
(2> Sub_YH_2@gL_2%_protein_radl28_3262.dat

Data processing x|

% Aefive Togglel FlleName  Fangs| Units  rBeg [ Syn rEnd  Conc Muliplier
] : ey o e
I #1 | |Sub vH_20 Select |1__| 100 = WDBE;I 1.000 0.2282
v #2|[fub¥H 20 Selest |1_:||1 :Il 130 j l—wgu 1.000

The common o i B e
range should be .. , i o e o
as restricted as e — |
possible to avoid

l‘ﬂll— Seect |1_:II|1_:|| lﬁj‘ 1000 1.000
o) seeet | [T =[] 259 = [rom 1,000

ddi ; -8 T ] e Bl
a Ing n0|se | mEAE N l‘_:.' ,1—j ggggj 1.000
Adjust I Flat F\eseweﬂ Clear
d d| FRod | Reserved| Finish
Plot Range
-8.8 L I 1 | N
6.18 8.28 8.38 8.48 8.58
H

25-Feh—2811 18:89:31

Il Cormand Window

Flot: view experimental data
Merge: manipulacion with data
Flot: view experimental data

Rerge: monipeiarion vith daca scale
Plot: view experiwental data

Running (Input pending in Graphics Window
#oémaner| (3 @40 i O @ E B G > s Exporataw .., -| 84 mternst Bxpl... - B Cable série netto...| B Rapportbidoc - ... | [£] chi_ave_powpe... | [E]6 Merosoft pa.., +| T 156 pe7.pdf - ... | [ primus [l pata processing | H(@) 18:09
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PRIMUS: final merged curve

ST

Fle Tools AutoRg Averdsc Grnom Peak Axis Mar2D Detector Oligomer Mixture SwdPlot Bodies Save data Help  Version 3.0

M Graphics window

PLOT
log 1
49 (1> Sub_YH_28gL_31_Protein_radl28_4264_dat
(2> Sub_YH_2BgL._29_protein_radl28_3262 dat
(3> Merge®d.dat
x
-5.ar dctive Toggle] FlleMame Range| Unts nBeg [ Syn rEnd  Conc Mulipier
81| [subvH 20 Select lw_jwu j wssj 1.000 0.2273
o _#2|[subvH 20 Selent lw_jlw_j Wj oo 1.000
ImIED| Seleat | [ [T =] [5% = [roo0 1.000
_.aF l‘ﬂl Select rjlw_j aaasjl 1000 1.000
g5 Select lw_jlw_j aaasj 1.000 1.000
I [#g] ﬂ”w_jlw_j [ess =] [i.0m 000
&7 Select rjrj Wj 1.000 1000
o r_ua| l— Select r:llw_j %j 1.000 1000
ImEl| [ || seeat rjrj Wj 1.000 1.000
a0 seect | [T [ =] [E= o [0 [roo
r | _Select | lw_j |1_:|l aaggj 1.000 1.000
8.0 r #1e Select | S [ [ [0 [
o ;u = | e Samaufl Adust| Guinal| | Flat HeserVEj Clear
i Diwsst ZelEnnd Scsle | Powd | Fod | Reserved| Firioh
[ w [  Fulange [ _PiolRange

8.18 8.28 98.38 8.48 mésm i Select rjrj 1065 :|I 1000 1000

25-Feb-2611  18:17:16

Ml Command Window
Merge: menipulation with data
Plot: view experimental data
Merge: wanipulation with data

Merge: manipulation with data

Running (Input pending in Graphics Window
Hoemarrer| 3 @42 % O 9@ FE G * L8 Explorateur .. -| &4 Internet Expl... ~| ] Cable série netto... | B Rapporth.doc -, | [£] hi_ave_pompe... | [E6 Merosoft e, -| T 358 pez.pa - ... | il primus |[E potaprocessing @/ [30@ 18117
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2nd case : the solution is a slow equilibrium or an unwanted mixture
 Use on-line HPLC data collection (typ 50 pl)

1(0) and Rg determined for each SAXS frame during elution

0.0003

ASNP eluti fil itored by UV ab ti t 280 Foxtrot progra
elution proftiie, monitore apsoprton a nm 0 oonozs
prot y P © SOLEIL
mAU §
1000 IL.‘\ 30 -...{ D.00D2
800 [\
400 2 |\
200 8 |
. | _H;\f] \\7_, A0k o 10004
' ' R ' ' s r 0 Rg
Elution time (minutes) ‘._'M_.t‘
Frame number ( ~ time)
Comparison between HPL C-purified and Direct injection curves lT_ltct;lgg Ithe HPLC-purified experimental curve with the crystal structure
- (1> ASNP.dat ™
(2> ASNP_12—7sub_tronc.dat _4 |
ASNP with HPLC ]
Rg=257A a5
Q-Rgpin = 0.657 / Q.RQgpa = 1.09 T
ol ASNP direct injection - _ HPLC-purified experimental curve
' Rg=29.1A ] Curve calculated from crystal structure
Q.Rg,;, = 0.659 / Q.Rg,,, = 1.19 55
-3.6" -6 —
0.0 6.5 : - | ; ‘ e
0 0.1 0.2 0.3 0.4 0.5
Q/A?
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SEC-SAXS analyzed with US-SOMO

Fit of elution profiles by a set of gaussian curves
Each gaussian peak corresponds to an eluting species.

delta liq)/sd

~ Reverse v Use standard deviations [~ By percent

125.248

Following deconvolution, the scattering pattern
l;(q) of each species j can be reconstructed.

E. Brookes et al., J. Appl. Cryst 2013, 46, 1823-33.
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At this stage

We have gone from SRR —




Now, we have to go from

1(Q)

e
% .u::
\‘ y{m u@wm
MMM‘J
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MODELLING
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\/
SULEIL SAXS for 3D structure reconstitution

SYNCHROTRON

The 1D SAXS profile is the Fourier transform of the 3D structure.
But the inverse problem cannot be solved analytically, i.e., no “inverse computation” can be used to yield
3D position coordinates from scattering data.

Real space 3D Molecule Reciprocal space Reciprocal space 1D profile reciprocal
2D anisotropic image 2D isotropic image space
Log{ 1}
Fixed Averaged Radial
orientation orientation averaging -
Phase lost Orientation *’
lost

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

Bear in mind !

One 3D structure — One SAXS curve
BUT
One SAXS curve — Many 3D structures, all compatible with the same curve
Additional constraints are always needed
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SWLEIL SAXS data analysis, available programs

SYNCHROTRON

1) Nothing known (except the curve)

Log{!}

Low resolution model

2) Theorical model or complete atomic structure available

Validation/identification in
solution

L o k Rigid body modeling of the
S complex and

molecular modeling of the
missing part

Solution X-ray Scattering from Biological Macromolecules

B8 ey

DAMMIN
DAMMIF
GASBOR
MONSA
DENFERT

CRYSOL
FOXS

SASREF
BUNCH
CORAL
DADIMODO

:::::



A word of caution

e S =2SINO/A modulus of the scattering vector

o Q= 27S = 4wSINO/A momentum transfer

« But iIn his programs : D. Svergun uses
S = 4msSinQ/A
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AD Initio shape modelling : nothing is

known but the curve
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Ab initio shape modelling using a network of beads

Initial volume :
sphere diameter D

max

Svergun, D.I. (1999)
Biophys. J. 76, 2879-2886

Solution X-ray Scattering from Biological Macromolecules

Position(j) = X(j) = 1 or

¢ M~ (D,,,,/rp)3~103 >>N,
parameters, too many for
conventional minimization

¢ No unigue shape restoration
unless constrained

¢ Able to describe complex
shapes

Chacon, P. et al, (1998)Biophys. J. 74,
2760-2775.

Walter, D., Cohen, F.E. & Doniach, S.
(1999), J. Appl. Cryst.,33, 350-363
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SLEIL 3D shape reconstructions from SAXS data with DAMMIN

SYNCHROTRON

» Obtaining 3D shapes from SAXS data is a ill-defined problem that can be **partially**
solved by introducing additional information to **reduce** ambiguity of interpretation

« Using simulated annealing, finds a compact dummy atoms configuration X that fits the
scattering data by minimizing

F(X) =2 [l (), 1(5, X)]+aP(X)

where y is the discrepancy between the experimental and calculated curves, P(X) is
the penalty to ensure compactness and connectivity, >0 its weight.

compact
loose

disconnected
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SWLEIL 3D shape reconstructions from SAXS data with DAMMIN

SYNCHROTRON

» Aseries of runs (10-50) are performed to compare the different shapes obtained from the same data.

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

» The algorithm defines a criteria of similarity, called « Normalized Spatial Discrepancy » or NSD, which
measures the agreement between any pair of models.

» Similar shapes results in NSD < 1, very similar shapes NSD ~ 0.5

J_;‘ A
1%:’““: File Aver 1 2 3 4 5
,g:&:s@ 1 0.52 0.00 0.51  0.52 0.50 0.52
"3”;’?, |z 0.5z 0.51 0.00 0.5z 0.45 0.52
,y" R)g\}".: 3 0.53 0.52 0.5z 0.0o0 0.53 0.5z
%)}&\)g‘: 4 0.53 0.50 0.49 0.53 0.0oo 0.54
*’J:\‘)g:))\\ 5 0.53 0.52 0.5z 0.5z 0.54 0.0oo
SIS
FT S
Mean wvalue of NSD H 0.535
Standard deviation of N3D @ 0.0o08
Shpl Shp4 Damsel.log Damfilt Damaver

(intersection) (all superimposed)

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

» The model with the lowest NSD is the shape which has the most similarities with other, and **can**
be regarded as the most representative of envelopes in accordance with the SAXS data

* Be careful with damfilt.pbd because I,me(d) # lexp(Q)
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NSD values

Chi values from 1.704 to 1.942
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Be aware : “Porod law” is forced for ab initio shape determination

DAMMIN : shape determination
Model with uniform density

Fitting data with approximate q*
high angle trend by subtracting a
constant.

Solution X-ray Scattering from Biological Macromolecules

1000 N RS R — B—

00 N\ —_

1(q)

© ! .
! e, ' !
. & ' ' .
. Rz ' ! .
. Lo, ! ' .
e e T e —
& . .
! . G, . !
. . 20 ' .
. . % ' .
%) ' '
' ! B0 '
ot .

ﬂ’m@n@@u& @
: WQF’ wg&ﬂw@m V“’%ﬁ FIRS

A \0( 3 ufw‘ \‘
1 A A S Lo e

01 \ \ | \ \
0 005 01 015 02 025 03

q= 4m (sin@)/A A™
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SULEIL  Ab initio model accounting for high resolution data

SYNCHROTRON

DAMMIN/DAMMEIF : very low resolution, restricted portion of the data used (q < 0.2 A1), very basic
constraints

GASBOR : a protein comprising N residues is represented by an ensemble of N spheres centered at the Ca
positions, the whole g-range can be used.

An initial gas-like distribution of dummy residues is refined using Simulated Anneling to fit the data under
constraints ensuring a final chain like distribution

51543 dat lotting v9.4p_(VFrWin32Wintaractor) Buid 30 May. 2012 Lo6|
T Vow G Db Ero G GHLONGR GllSwe Gove s Swe Sve e Somiop S Buot P b O

sExp iExp Err iFit // ChiExp = 1.32

Log{I}

N e
(
ANe ”gi
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; &
-4 3

| ) @

-4.5 3
e D.IDS ‘ 0{1 I 0.‘15 I 0‘.2 I D.‘ZS

D114M_P1 fir
DAMMIF shape High resolution structure

D. Svergun et al.( 2001), Biophys. J., 80, 2946-2953.
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A word of caution: what NOT to do

. Common misconception: dummy atom ab initio envelopes are viewed as similar to
EM density maps: NO.

. One should not try and superimpose 3D models of domains in the envelope. There is
not 1 but MANY similar (or not) envelopes.

. One must try and refine the position of domains vs SAXS data.

SASREF

DAMMIN
DAMMIF
GASBOR
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From a atomic structure to
a solution scattering pattern : program
CRYSOL
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Solvent scattering and contrast

o o
“'_ =©©‘

Isolution(q) Isolvent (q) Iparticle(q)

The bound solvent density differs from that of the bulk.

Bulk water density = 0.334 e /A3
Hydration layer density ~ 5-15 % higher
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Scattering from a macromolecule in solution

I(s) = <‘A(S)‘2>Q = <‘Aa (S) — PsAs(S) + 0P, A (S)‘2>Q

A,(s): atomic scattering in vacuum

A (s): scattering from the excluded
volume

A,(s): scattering from the hydration
shell, layer of thickness 3 A

AT DS
ol e #

CRYSOL (X-rays):  Svergunetal. (1995). J. Appl. Cryst. 28, 768
CRYSON (neutrons): Svergun et al. (1998) P.N.A.S. USA, 95, 2267
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Program CRYSOL

* 1(Q) is computed from the atomic coordinates.
 To gain computing time, 1(Q) is developped in a series of Bessel functions and
Spherical harmonics

1 (@ = 3 AL(Q)— £, Cun(Q) + 5 B, (Q)

=0 m=-I

The experimental scattering curves are then fitted using only 3 parameters:
» the general scale of 1_,,.(Q)
» the total excluded volume V, which is equivalent to modifying the
average contrast.
* the contrast of the border layer op

to minimize the discrepancy y :

1 N _Iexp(Qi)—scaIe*Ica,C(Qi)_
) N -1 i=1 O exp (Q|)

4

REF: Svergun, Barberato & Koch (1995), Appl. Cryst., 28, 768 -773
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Effect of the hydration shell

T state of E. coli allosteric ATCase

e Experimental data
— Fit without hydration shell

005 01 0.15 0.2 025 0.3
Q=4m(sin 0)/A, Al
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Crysol application : Arf6

V. Biou et al., J.Mol.Biol (2010), 402(4), 696-707

Nt helix

Crystal structures of
human A13Arf6-GDP (left) and
Arf6-GDP-FullLength (right)

A13-Arf6 : a protruding
loop in the crystal structure

’%‘l"i. i XX \\
% N S S
e/ N "’?‘-,‘?\fﬁég
s .“

& < '*'.’ Q".{wﬁn‘tﬂ ;
loop a crystal artifact ?

\
Q
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Crysol application : Arf6

V. Biou et al., J.Mol.Biol (2010), 402(4), 696-707
(b)

Resolution (A)

Resolution (A)

15 63 4 315 % 21 18 155 125 @ 315 » A 8 15
1‘E+05 T T ) T T T T T 1‘E+05 Y
I(Q) Arf6-GDPFt I(Q) A13Arf6-GDP
F
Arf6-GDPFL Arf6-GDP™
\13Arf6-GDP A13Ar H'HJ[)P,
— 1.E+04 1 Arf6-GDPFL-A13 % 1.E+04 - Arf6-GDPFL-AL3
5 5 N
e x2=1.94 e
E L= 5 Y -
& & \ ¥2 =198
o <} “ g M Ak,
= = \ Ao gL AT L i,
= = P
Q 1,E+02 4 = 1E+02+ 2 501
%2 =3.
ﬂ".r'“'!'" wy
1 b
1,E+01 1,E+01 T T T T

Momentum transfer Q (A1)
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Momentum transfer Q (A1)
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SULEIL From an atomic structure to a solution scattering pattern

SYNCHROTRON

Svergun D, Barberato C, 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
Structures 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/saxsl/

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

A program to compute WAXS,

Upon request

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. Hydration taken into account by “inflating” the volume of surface atoms.
http://modbase.compbio.ucsf.edu/foxs/

Knight C. J. and S. Hub J. S. (2015) WAXSIS: a web server for the calculation of SAXS/WAXS curves based on explicit-
solvent molecular dynamics.

Nucleic Acids Res. 43 Suppl: W225-30.

http://waxsis.uni-goettingen.de

Solution X-ray Scattering from Biological Macromolecules

:::::


http://www.embl-hamburg.de/biosaxs/atsas-online/crysol.php
http://www.embl-hamburg.de/biosaxs/atsas-online/crysol.php
http://www.embl-hamburg.de/biosaxs/atsas-online/crysol.php
http://www.embl-hamburg.de/biosaxs/atsas-online/crysol.php
http://www.embl-hamburg.de/biosaxs/atsas-online/crysol.php
http://spin.niddk.nih.gov/bax/nmrserver/saxs1/
http://spin.niddk.nih.gov/bax/nmrserver/saxs1/
http://modbase.compbio.ucsf.edu/foxs/
http://modbase.compbio.ucsf.edu/foxs/
http://waxsis.uni-goettingen.de/
http://waxsis.uni-goettingen.de/
http://waxsis.uni-goettingen.de/

When atomic structures of domains are
known, but not their mutual

arrangement
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SULEIL Rigid body modeling against SAXS data

SYNCHROTRON

SASREF : when atomic structures of domains are known, but no their mutual organization

The objective is to find the relative orientation and position of each subunit that gives a good
agreement with the SAXS data of the complex.

The scattering intensity 1(q) of the complex is equal
to the sum squared of the amplitudes of all subunits

|<q>:<zA<k><a> >

A9 () =exp(.9.8) [ T (@ Ber)[CP(@)]

Amplitudes are calculated with CRYSOL from the
high resolution structure of each subunit.

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.

f (X) = ZZiZ +adist Pdist(x)+IBcrossPcross(X)+7/contPcont(X)

Petoukhov & Svergun (2005). Biophys. J., 89, 1237-1250.
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SULEIL Rigid body modeling with missing loop against SAXS data

SYNCHROTRON

BUNCH and CORAL : quaternary structure analysis of multidomain protein Nter (&Eﬁ @ Cter

Combination of rigid body and ab initio modeling :

- position and orientation of rigid domains

- possible conformation of flexible linkers

f (X) - ZZiz +aang Pang (X) +ﬂcrosspcross(x) + ?/dihpdih(x) +5extpext

As SASREF, the amplitude are calculated with CRYSOL from the high resolution structure of each monomer

The algorithm of minimization is the same used with SASREF with a penalty function including the steric clashes Pcross,
the dihedral angle Pang and Pdih, and the compactness of the loop Pext. The possibility to give information about
contacting residues from other experiences is also added.

Flexibility — no unique structure !
NOT a structure but a SAXS data compatible model

Petoukhov & Svergun (2005). Biophys. J., 89, 1237-1250.
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ATSAS package and ATSAS online

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

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

www.embl-hamburg.de/biosaxs/software html

Home

Group members

= ATSAS software
Download A program suite for small-angle scattering data analysis from biclogical
macromolecules
BUNCH
CORAL Data processing
CRYSOL PRIMUS - manipulations with experimental 1D SAS data
CRYSON GINOM - indirect ransform program that evaluates the particle distance distribution function p(r)
DAMAVER Data manipulation and analysis tools - AUTORG, ALMERGE, DATGMOM, DATPOROD etc.
DAMMIF
DAMMIN Ab initio methods
DATtools DAMMIN - &5 initio shape determination using a dummy atom model
EOM DAMMIF - rapid shape determination
GASBOR GASBOR - reconstruction of a protein structure by a chain-like ensemble of dummy residues
GLOBSYMM MONSA - shape determination using a multiphase dummy atom model
GNOM » i
MASSHA Rigid body modelling !
MIXTURE SASREF - modelling of multisubunit complexes
MONSA BUMCH - modelling of multidomain proteins against multiple data sets
OLIGOMER CORAL - modelling of multidomain protein complexes against multiple data sets
PEAK MASSHA - interactive modelling of atomic structures and shape analysis
PRIMUS GLOBSYMM - rigid body modelling of symmetric oligomers
ALl Mixtures and flexible systems
Easdia® DLIGOMER -volume fractions of mixtures with known scattering intensities from the components
EREAE MIXTURE - modelling of multicompanent systems
SuPCOMB EOM - Ensemble Optimization Method for flexible proteins
Manuals SREFLEX - flexible refinement of high-resolution models combining SAXS and NMA

Web services

Facilities
CRYSON - neutron scattering patterns from known hi-res structures
Courses SUPCOMB - superimposes one 3D structure onto another
DAMAVER - align ab initie models, select the most typical one
Contact us

Biological
Small Angle Scattering

Ens.q .

Data analysis software ATSAS 2.7.1

PDB oriented tools
CRYSOL - ¥-ray scattering patterns from known hi-res structures

Manuals

If you use ATSAS please cite:

Petoukhov, MV, Franke, D., Shkumatoy, AV, Tria, G, Kikhney, A.G., Gajda, M., Gorba, C., Mertens, HD.T,,
Konarev, PV. and Svergun, D.1. (2012)

New developments in the ATSAS program package for small-angle scattering data analysis

J. Appl. Cryst 45, 342-350 & Inte nion of Cryst

Solution X-ray Scattering from Biological Macromolecules

wew.embl-hamburg.de/biosa sas-online/

Biological
Small Angle Scattering

Binsd

Home = Web senice ATSAS online

ATSAS online

Create an account
Change password
Forgot your passwaord?

As a courtesy to other users please do not submit more than 100 jobs at a time.

Following services are available for registered users:

DAMMIN - ab initio shape determination by simulated annealing using a bead model

DAMMIF - rapid ab initio bead model shape determination

GASBOR - ab initio reconstruction of protein structure by a chain-like ensemble of dummy residues
MONSA - multiphase ab initio modelling

AMBIMETER - ambiguity estimate of 3D reconstruction from a SAXS profile

CRYSOL - evaluation of X-ray solution scattering curves from atomic models

CORAL - modelling of complexes made by multidomain proteins

SASREF - modelling of multisubunit complexes from contrast variation and X-ray data

Utility for generation of a contact conditions file to be used in SASREF 6.0 offline

SREFLEX - flexible refinement of high-resolution models based on SAXS and normal mode analysis

EOM - Ensemble Optimisation Method (for flexible proteins)
DANESSA - Automated data analysis system (alpha version)
My Projects - List of your recent projects (to checkire-runireport a problem)

Questions and feedback

Queue status

373613 Pdctest3.cmd atsas-online 64:56:35 Running
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DADIMODO : rigid body refinement vs. SAXS / NMR data

Collab : Christina Sizun & Francgois Bontems (ICSN, Gif sur Yvette))
Evrard et al. (2011), J. Appl. Cryst., 44:1264-1271.

Modelling approach : complete atomic External information:

model * Sequence

Full structure initiated with : « Sub-parts moved as rigid-bodies (user-defined)
« Crystal or NMR domain structures * A correct stereochemistry is maintained at all steps by
« Homology models minimizing energy (Amber 99 Force Field)

e

<o 8 —

Experimental data:
« SAXS
« NMR

RDC

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

Optimisation of the structure via a genetic algorithm
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Dadimodo example : F45 from S1 protein

Initial misfit to the SAXS data:

Structure:
- . 1 T T T T T
« one polypeptide chain Bp, data ——
« two rigid domains (D4 & D5) with known structures Modol 3
« 1 linker il a
« 2 flexible parts (N-term and C-term) >
'E 001 ¢
c
3
=
0.001 E
0.0001 . - - - - - . .
0 0.05 01 015 0.2 0.25 0.3 0.35 0.4 045
5 L
4 L
© 2
D o O
L 2T
Starting models population 2|
_3 L
» oObtained after running 50 steps Dadimodo -4

0 0.05 01 0.15 02 0.25 0.3 0.35 0.4 0.45
S (Angstrom™-1)

with no selection pressure
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Dadimodo example : F45 from S1 protein

vs. SAXS only

vs. ADR only

vs. RDC only
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CONCLUSIONS

» A scattering pattern can be calculated from atomic coordinates, thereby
providing a link between crystal and solution work.

 Using SAXS patterns, ab initio methods can determine the shape of a
molecule

* Rigid-body modeling allows one to propose models for complexes best
fitting the data.

« Useful though limited structural information about flexible systems can
be derived from SAXS data.
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Comments

v'SAXS is at his best when it is used to distinguish
between several preconceived hypotheses.

v' Analysis and modeling require a monodisperse and
ideal solution, which has to be checked
independently.

v Otherwise :
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Elastic Thompson scattering by an electron

« What scatter X-rays are the electrons " (0 )
E(r,t)=—--—"E,| cos(26) |-e'
I
X-ray incident beam \ 1 )

Wavelength A=2n / k

(0)
E,(x,t)=E,| 1 o2
1 = ~=2,81810"m
L Are,mC

I, IS the electron

dl : intensity scattered on the surface dS at distance r classical radius

N dS = r2dQ (1+cos (26’)] r2dQ)-E, 2 (1+cos (29))
re

- dl =dS- E
e \{%\ 2

, 1 d _r2(1+cosz(26’)j
0

b, is the electron differential
scattering cross section

TE/S dO 2
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SOLEIL

SYNCHROTRON

Data analysis

Molecular
modeling

Solution X-ray Scattering from Biological Macromolecules

SAXS experiments : strategy

Guinier approximation
- Rg (size) and 1(0) (mass and oligomeric state)

Distance distribution function p(r) :
- Dmax evaluation
- Rg (size) and 1(0) compatibility with Guinier approximation
- Global form of the object

Kratky plot
- type of structure (globular, elongated or unfolded)

Porod law
- molecular volume if globular protein

Cristallographic , NMR structures or complete molecular modeling
- theorical curves calculation and data comparison

Nothing is known
- low resolution shape

Structures of subunits available
- molecular modeling rigid body against SAXS data

Structures with missing loop or flexible parts
- molecular modeling of missing parts against SAXS data
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SULEIL From an atomic structure to a solution scattering pattern

SYNCHROTRON

2
lth<q)=<\Aa(8>—pSAS(€)+5pbAb(é’>\ >Q

A,(q) = molecular scattering amplitude in vacuum

A,(q) = scattering amplitude from excluded volume g{i ;

A,(q) = scattering amplitude from the hydratation
shell, layer of arbitrary thickness 3A

.

PG

In CRYSOL program, in order to gain computing time, I1(q) is developed in a series of Bessel functions and

spherical harmonics :

oo (@) = > DAL (@) — 24C1 (@) + 0By, (@)

1=0 m=-1

The experimental scattering curves are then fitted using only 3 parameters in order to minimize the

discrepancy y :
- the general scale of I ,,.(q)

- the total excluded volume V, which is equivalent to modifying the average contrast p,

- the contrast of the border layer 6p

Iexp (ql) —scale™ Icalc (ql)

i=1 Gexp (q|)

RietigurX; Baverwing. kool B{eRYER! MAppindiysts 28, 768



SLEIL 3D shape reconstructions from SAXS data with DAMMIN

SYNCHROTRON

Ab initio shape modelling : nothing is known excepted the curve !

Principle of the method : any structure volume of homogeneous electronic density can be approximated
at any resolution by a set of spheres of small enough diameter

Starting model = sphere with a radius R = D,,.,/2 with N scattered beads (r, << R)
The number of the beads N ~ (R/r,)3

Each bead is associated to a position j and an index X; corresponding to the type of the phase (X; = 0 for
the solvent and X; = 1 for the molecule)

A, F(X)= 2l (Q)exp,l(q,X)J+aP(X)

X is a conformation of the system
P(X) is a penalty function

2 _ 1 i Iexp (ql) —scale* Icalc (q|)
N-143 Oexp (q|)

V4

After k iterations

D. I. Svergun, M. Kozin, M. Petouskhov, V. Volkov (1999). Biophys J. 2879-2886.
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