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Principles of Small Angleay Scattering in solution
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v

K

Detected: I(q) = q=Kk - k
| —
> —] B e
Sample .
Radialaverage
C > 0.1 mg/ml : )
V> 6l g 2D detector (isotropicsample

SAV\XS provides structural information about macromolecules in solutipn ()
ALimits
Aspherically averaged informatipriow resolution
Anonunicityof the solution
Adoes not distinguish elements in a mixture
Mdvantages
Asolution ( no crystaly) kinetics, titration, AP

Arelatively easy to carry experiments

- . . g=4 sind/_
Acan be checked against atomic models

‘ SAXS is at its best when complementary (structural) information is available
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A typicaBioSAX8urve from a protein
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What may solution scattering yield?

S SYNIE'IETIR(I)—N’
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What may solution scattering yield?
SULEIL / gy
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Size (Radius of gyratiop)ass /Oligomerisation
(~10% precision)
°Q

ssssss

Shape (P(r))

ed4}r ¢g_1} q}
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Protein
scattering
curve
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Log I(a) lem ')

Atomic moddront =

- MX
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- CryoEM Molecular f—; =
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Petrelleet I 2019 o f@

Atomic Model
comparison &
validation
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Direct Data
analysis

Molecular
modeling

Typical analysis steps

Guinierfit
A Rg(size)&!(0) (massandoligomeristate)

Pairdistribution function p(r)
A Dmaxevaluation
A Rg(size)andl(0) compatibilityvith Guinieapproximation
A Globakhapeof the object

Kratky plot
A Typeof structurgglobularelongatedrunfolded

Porodlaw
A Moleculamassif globulaprotein

Structuralvalidationin solution
A Complet@tomicstructuresor AlphaFolanodels

Abinitio modellingof compatiblelow resolutionenvelopes
A Nocomplementarsgtructurainformatiomeeded

Inter-domainconformations
A Atomicstructureof subunitsavailable

Modelingof missingparts
A Structuresvith missingoopsorflexibleparts

A «data compatible» models NOT unique, NCelectronicdensity maps
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SAXS BASICS
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ElasticThompsoscatteringoy anelectron
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Whatscatterxraysaretheelectrons
X ray incidenbeam ‘| / r
Wavelengthe-~ 1 A (101°m) O go
k=2/o Ot o) | O
. =2 -clo

A)Iarisatioreﬂectsnot indicated

i —— =2.818 1&Pm

Oo(cf) Q0

r,istheclassicalelectronradius

N, : Flux Densityscattered by
X . :
one (solated e at distance r
IncomingFluxDensity :

N, (W/nd) =-— 8,-C- 2=— Ny
o (W/) == 54 -C- B NN = Fo e = Mo

. 1 F,: fluxscatteredoy onei6olated e througha surfacé,”Y i 1 m

1T"Qw Ny i, &am Thescatteredlux only

depend®n thescattering
solidangle and notonr

K — n,iscalledthedifferential scattering cross section

Ko 1, istheelectrordifferentialscatteringcross section
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A Wavesscatteredoy two electrons

Electrorl
—_— Yy T[—>l
Fy (1 FO) T~ FQ
Electror®

)

B4 oY (i FD)

Scatteringamplitude by Mlectrons

Coherenscattering summingip amplitudes

A Wavescatteredby N electrons

e D)

T 4

Ki
Ag»
= Momentuntransfer

P—, : —~ v (R

¥
Pl i, q & Scatteringcamplitude» (ength
l E 3
P— o) 5
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Scatteringamplituddromanatom
SOLEIL

SYNCHROTRON

Scatteringamplituderoma particlewith N electrons
discreterepresentation

ki
5% 1 o F
. . Thescattering
contlnuousepresentatlon amplituddsthe
« Q . o .. 99, . i
5% l m 5o tanr FourierTransform

of theelectronic
scatteringlength
. . density.
Scatteringamplitudefromanatom

In aatom theelectrorclouddensity m (i ) is purelyradial

OENf i f
i Qim ()¢ r']r!l

O ol T

Atomic scattering factor

Theatomicscattering
DEr i factoristheFourier _
QRN T QM ()i —— Transformof the (sin®) / &
electronicdensity of
agiventype ofatom 0,1 and f,(q) are real (naomplex

0461 I "QoN f(0) = Z

0.2 0.4 0.6 0.8 1.0 1.2

Javier Pérez, EMBO course, 2024 September, Grenoble 12



Scatterindromamolecule

SWLEIL

SYNCHROTRON

Scattering@amplitudegroma moleculevith N atoms

As a good approximation, ¢hectrongertainingo agivenatomareconsideretb bepositionneat its center.
Theatomic scatteringfactor f; thenreplaces theumof theelectronicontributiongromthat atomin the
calculatiorof themoleculescatteringamplitude

o Q \ o~ 2N~
O¢¢ adb ' M ¢

Scatteringntensityfroma moleculavith N atoms

Thescatteringntensityisthe square of the amplitug@dulus

OR)  66° R Thescatteringntensityis
theequivalenof a
KON N incdi '
é 1o avmwo e e
If randomlyoriented
Averaging over all e
orientations: CONRE ) QQ])OEW 1 Q0
('Q ﬁ¢) S N oo

Debye formula
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Scatteringromamolecule
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Scatteringamplitude

.0

(M) 1 m@)e tar  ioWm T ]
Scatteringntensity
¢h) o&(R)=1 O T O T] i Ofa(P)rm 7]

o .. O\ ., .
' 7) m T Tewienle a(»d )l hg-lc¢ et
o o 2 +x¢h¢-g2 }hattt
o) ‘ 0N~ OO . Thescatteringntensityis the
on) 1+ r()a tan FourierTransformof the
electronicdensity

If randomlpriented autocorrelationfunction
(times g?).

O'/*
2T
ni

Averagingver all o oL
orientations: YN T [

@) )

@) (" Yor (1)

I (i1)isthe « probabilityof findinga point
withinthe particleat a distance r
froma givenpoint»

characteristiéuntion
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Particles in a homogeneous matrix (or buffer)
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Particles in a homogeneous matrix (or buffer)
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AScattering amplitude at small angles

e : o .. 9P, .
0 n | MmiQ Qi

"qR) ‘.[ s>T)a fan

Particles

A (6 is the contrastof electronialensityanddescribeshe scatteringobjects

AF{) is the Scattering Amplitude at small angles of the ensemble of particles

AScattering intensity per unit volume

@) g —qh)yo()

W panaa

AI(N) is expressed in drand is directly related to the measured intensity
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Particles in solution
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Particles in solution have random orientation, both in time (thermal motion) and in space (
range directional correlations). The sample as a whole is tisrefgie. As a result, the
scattering intensity only depends omtbdulusof 4 q = 4 sin() /e

@)  ——(qn)o(n))
/ W pana0 & /
Modulus Vector

6q =+s!| i@GaENoEdrélations b®tween particles positiows shorrange
or longrange interactions), thére individual intensities sum up

o A g——  (oyo(M)
2 W oanag

The averaged scattering intensity of a particle in an ideal solution is t@alhed its
factor, P(q).

. oy P 2
o (aySR) o - G0
wana%
O 1 O Averagetlectroni©ensitycontrast
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Particles in solution
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Particles in solution have random orientation, both in time (thermal motion) and in space (
range directional correlations). The sample as a whole is tisrefgie. As a result, the
scattering intensity only depends omtbdulusof 4 q = 4 sin() /e

@)  ——(qn)o(n))
/ W pana0 & /
Modulus Vector

6q =+s!| i@GaENoEdrélations b®tween particles positiows shorrange
or longrange interactions), thére individual intensities sum up

o A g——  (oyo(M)
2 W oanag

6q =+s!| t®¢l} 2}EHEododispersg allarticles are identi¢atherthe
individual form factors are all identical

an) 0O ) ®EAQM@W O MHh 0 QKo ‘E Qi

P v p ., ~ -
v s U0ps0N) = 0p4cN

(*ld)ar‘]a'% GanaQ

()
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Monodispersitgndidealit
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AMonodispersity
AYesi Identical particles

ANoa Size and Shape polydispersity

Aldeality

AYesi No correlations between particles positions
(No longrange interactions)
ANoa Correlations between particles positions

(Existence of sherange or longange interactions)
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Particles in solution
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APolydisperse and Ideal

APolydisperse and Not ideal

g P y sz
) (—, U";QD) YN S(q)is calledthe Structure Factoof thesamplg

Wi S(q) = 1 for aidealsolution
S(g)usuallymaydifferfroml atverysmallg values
Avionodisperse but not ideal
) .(_bﬁh o) 3N

Avionodisperse ideal

o) -0 (D =046
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Solvent scattering and contrast
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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
eto.

Isolution(q) B Ibuffer(q) = Iparticles (Q)

@

l"

_ of
- 1

<y
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Do not confuse !

SULEILLR

SYNCHROTRON

P

contrast effect

p=043 |

p, = 0334

STOMFD

F) 1. a)ae o V1 o & a—r— (A1) O(R))

W pana0

: & v “ [ £
buffer subtraction « 7 ¢

le 0 ﬁﬂlﬂgﬁ} Qs ao Hnmgzﬂ) @o Qﬁmzn(fn)
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SULEIL Biophysicahinformation
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A GuinieAnalysis
A Kratkyplot :whyis it sointeresting?

A « RealspaceSAXS : Pair distributidanctionP(r)
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SULEIL Biophysicahinformation
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A GuinieAnalysis

Javier Pérez, EMBO course, 2024 September, Grenoble 25



Asymptotic: behaviour at. small;ang@sinietaw
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Close to g=0, tlseatteringntensityof aparticlecanbedescribedby a
Gaussiagurve

Thevaliditydomaimactuallydepend®n the

shapeof theparticleandis aroundg< 1.3 Rg
for aglobulaishape

‘Rof.0

() = | (O)ex%{ a

T T T T T T T 1
0.1 0.2 0.3 0.4 0.5

Extrapolated intensity at origin Radius ofyration

Guinier law, in Log scale :

Ln{) (@)] = Ln[1 (0)]- ng

TheGuinietawis equivalenof alinearvariation of Ln(I(g)s g? (Guinieplot).
Linearegressioonn theexperimentabuinieplotdirectlyprovidedkgand 1(0).
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1911-2000
Orsay, France
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Mass:retrieval fro@uinieanalysis
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(@) =1(O)expp I ~I 8

Absolute Unit : cin

Classical electron radius

\
» ff) fl / _ y - ) ; ( ((ID) " )Q’?
@ i!ﬁ t[UE h i)l YQ 7 oS

k

Mass concentraﬁm Electronic density contrast
Protein specific volume

Rgdependsn the volume

1(0) givesanindependergstimation of AND on thehapeof theparticle

themolarmass of th@rotein

(onlyif the mass concentration and

specificvolume arepreciselyknownii ¢ Forglobulaproteins Ry (A)a &y 2 0 "H) "Q&Q0 ¢
Forunfoldecproteins R, (A)d ygt v 0 °

Typically. Bernadet al. (2009BiophysJ., 97 (10), 282845,

M (kDa) = (1200 ~ 1600) * I0-{xAC (mg/ml)
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Radius of gyration
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v O
Lysozyme 3 Q(U

Useful definitions %

1 .
- Né Hri o H by atoms
R; = Q r(r)r2 dr/Qr(r)dr by electron density

R? ;
J 2N(N- 1)

Rgz =1 6 p(r)dr /og(r)dr by pair distribution

a a H - QH by atom pairs

graphic: www.silvarolloids.com/Papers/hydrodynanaidius. pdf

R, radius of gyrgtlon | Sphere Rg :\/ER
R, hydrodynamic radius (not alwayRd) 5
R maximum hard sp_here radius Thin rod Rg — /1_12|_
Ry radius of masgquivalent sphere

* center of mass of tleéctrordensity Thin disk I% = \/%Rjisk

CourtesyRichardillilanCornell., USA
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Radius of gyration
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_ _ Basic law of reciprocity in scattering:
Rotavirus VLP : diameter = 750 A, 44 MDa

Correlations in large objects
produce modulations at small Q

Lysozyme

D,.,=45 A
14.4 kDa

Rule ofhumbfor theneeded 10 | |
Omin fOr a correcBuiniefit: 0 0.125 0.25 0.4
Gimin< 1 /Dina q =4 sind/ a(A?)
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A Kratkyplot :whyis it sointeresting?
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SULEIL KratkyPlot
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SAXS®rovidesa sensitiveneandgo evaluatethe degreeof compactnessof aprotein

o Todeterminavhethera proteinis globularextendedrunfolded

o To monitor théoldingorunfoldingransition of grotein 1902-1995

Graz, Austria

Thisis mostconvenientlyepresentedsingthe so-calledKratkyplot:

Log{ I}
-1.5 4 o Unfolded

g21(q) versusq

[
»

Partially unfolded

Folded

T T T T T T T T 1
01 02 0.3 0.4 05

Foldedparticle : bell- shapedcurve (asymptotidehaviour (q)~q %)
Randompolymerchain: plateauat large gvalues gsymptotidoehavioum 1(q)~ g?2)

Extendedpolymerchain: increaseat large gvalues gsymptotidehaviouin I(q)~ g1X)
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SULEIL KratkyPlots-of foldedrproteins
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0.0025

— G-Actin

0.002

0.0015

2 1(Q) /1(0)

Q
o
o
o
=

0.0005

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

Introduced for biology in Durand et al. (2D8®)ct Biol169, 4553.

SULEILD
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The relationMg(kDa)  (Rg/ 6.5)* onlyworks
for theglobularstructures, not theelongated

Forglobularstructures, the plotdold
into the samemaximum

' |

1.6 :
G-Actin
Rg=23.2 Angs, Mass=41.7 kDa
1.4 - ASNP
Rg=26.0 Angs, Mass=71.4 kDa
ASDG
1.2 - Rg=35.6 Angs, Mass=146.6 k[C
o ' CDA2
S 1.1 L — = } Rg=39.1 Angs, Mass=98.9 kDh
= I BCDA3
=~ 1r I Rg=51.7 Angs, Mass=144.4 kD
& |
= l
o 0-8 [
— |
> |
o
O 06 - I
~ |
|
04 - |
|
|
0.2 - |
|
0 |
|
0 4 6 8 10
1.7%
QRg

The position of the maximum on the dimensionless bell shape tells to what extent the protein is g
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DimensionledsratkyPlotsof (partially) unfolded proteins
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ReceveuwBréchot V. and Durand D (201Z)urr. ProteinPept Sci., 13:55/5.

IB5

3.5
3 |
S 25}
=
(@)
= 2t
N
E@
s Y g
11| A
1
05|
OO
The bell shape vanishes as folded domains disappear and flexikht
Increases.

The curve increases at large g as the structure extends.
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p
1

o e

T=22°C 1=76°C

In practice,thin Gaussian
chainsdo notexist.

Ve

In spite of the plateau at T=72&, NCS
Is not aGaussiarchainwhen

unfolded but athick chainwith
persistencdength

0.%7 ey pary o [ | AA) St ‘ ) e f ‘ |l DRl 2 | r L ‘ ]
T=61.6"C
0.006 | —— T7=63.4°C -
T=65.1°C
— T=66.8°C
~0.005 ~——T=68.5°C -
9 T=70.1°C
fizmard T=71.9°C
~ 0.004 - .
O ——T=75.4°C
~ i T=76.8°C _
G 0.003
0.002 |- 8
0.001 .
AT SO SO P WY WO S ST ST LAy W TN T e w6 U R BN L
0O 005 01 015 0.2 0.25 0.3

KratkyPlot:::NCS-heat unfolding

Pérez et alJ, MolBiol(2001), 308, 7243

QA
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Molecularn\Weight estimation: base Pormdnvariant

http:/saxs.ifsc.usp.br/

Adoes not require knowledge of concentration

Arelies orPorodvolume theory structural database
Adoesnot perfectly work for proteins with unfolded domains

SULEIL

SYNCHROTRON

File About

o | e

Other methods for MW estimation based on similar though different grounds were developed
Rambo R. Affdinerd. (2013), Natus96, 477481.
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SULEIL Biophysicahinformation

SYNCHROTRON

A « RealspaceSAXS : Pair distributidanctionP(r)
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PairDistribution.kunetion)p(r)
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The pair distributidianctionp(r)is
proportionalo theaveragenumbeof
neigbouringtomsat agivendistance, from
anygivenatomwithinthemacromolecule rr) |

»

viinde

H SO TG g 1m0
Protein DHIIR i}‘ =re

p(r)vanishestr =D, ., t

The distance distributitumctioncharacterisethe shapeof theparticlein realspace

Javier Pérez, EMBO course, 2024 September, Grenoble
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PairDistribution.kunetion)p(r)

0.8 A

0.6

0.4 4

0.2 4§

0.0 4§

L] °
®
°
LY
°
°
®
®
°
e
.

-0.75 -0.50 -0.25 0.00 025 0.50

0.75

1.00

1.0 A

0.8 4

0.6

0.4

0.2

0.0

7000 025 050

0.75

1.00

1:25

1.50

175

4 E’A it

Marc André Delsuc:
thanks for the python script

2.00
2.0
1.0
1.5 1
1.0 4 0.8 4
0.5 o%e
% -‘.",, —r " 0.6 1
0o{ * e o® . ® % .
® e o * L]
. * o® ® o
-0.5 4 . 0.4
-1.0 4
0.2
=1.54
=2.0 T T T T T T T 0.0 T T T T T T T
-20 -15 -10 -05 00 05 1.0 15 2.0 00 05 10 15 20 25 30 35 40
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SULEIL Relationbetween p(r)and)l(Q)
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Theintensityis relatedto the Fourier

(03 T “i i1
Transfornof the selcorrelation @) 5 F
functionoobj(r)
Anq the pair distributidanction o Fouriemransformior
is directlyrelatedto the seH n i [ |1 sotropicsamples
correlatiorfunction P P
Then: . A
@) ]
O T S ni Eri )'Q‘l
ni .
Bothcurvesontainthe
samenformation.
. O . .. OEAD, _,
b O - " —— 0
< 31 n O 7 n

Apparentlyp(r)couldbedirectlyderivedroml(q).

Howeverdirectcalculatiorof p(r)froml(q) is madedifficultandrisky
becaus®f [0,i,0,.J truncatiorand data noiseffects
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S LEILBackcalculatlen offthei Distance Distribution Function

SYNCHROTRON

Glatter, Ql. Appl. Crygtl977)10, 415421.

Mainhypothesis theparticlehas a 4inite» sizecharacterisetyD,..

AD,..is proposedby the wiser»

AA guesdor p(r)is decomposedver [0D,,,] by alinearcombination of orthogorfahctions  Prot. otto Glatter
Guinier Prize 2012
Graz, Austria

oo & %o |

Al(g) is calculateby Fouriefransfornof p.,r)

O Efti
OEA

o TO% i =

A{® } areoptimizedecursively

Svergun(1988) : program "GNOM"
M ~ 30 100Y ill-posed_SQY regularisatiomethod Dr. Dinirl Svergun
+ 'Perceptuatriterid’ :smoothnesstability absence sfystematialeviation&™ e cm
,§\Each:riterium has predefinedveight

AThe solutiors givena scorealculateycomparisomwith «idealvalues»
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SWLEIL

SYNCHROTRON

Experimental examples

uuuuu

zzzzz

PairDistribution Funection

Heat denaturation of Neocarzinostatin

-

3

T=22°C T=76°C
Pére; ('et'a'I., J !\/Bibl (I2001') 308 7-27_14{3 '
o004t — =i
——T=65.1°C
_0.003
T

0.002}-

0.001
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SULEIL Distance Distribution Funetion

SYNCHROTRON

Experimental examples

Bimodal distribution

Topoisomerasél 0.0008

0.0007| :
0.0006 .

0.0005} :

0.0004} .

P(r) / 1(0)

0.0003| :

0.0002| i

0.0001} .

O | | |
0 50 100 150 200 250

r (A)

M.Grailleet al., Structure (20089, 360370.
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Scattermg:urvesabtalneobndn‘ferentcomplexes SpiActinandActinalone

log 1

(1> KA4-ATP.dat
€2> BCDA3-AIP.dat
€3> CDA2_mod.dat
<4> D1.dat

€53 actin_lat.dat

Distance Distribution Function

P(R)

KindABCBA4

Complexes Radius of gyration| Maximundiameter
.—w/ 75.5A 285A
w/ 55.54 210A
\Q/ 38.9A 130A
). 25A 75A
o 23.1A 70A
Histogram of intramolecular distances and ab initio molecular enveloppes determined using DAMMIF
P(R) BCDA3 P(R) CDA2 P(R) DLIAl
L f ’.‘.‘.“
= ‘J." ;;‘
‘: Dmax =210 Dmax = 130 Dmax =75
558 rin A | rin A ) rinﬁ?
44

mir

e

Related tdDidryet al.The EMBO Jourridl.4 (2012)
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SULEIL Distance Distribution Function

SYNCHROTRON

Boththe radius of gyration and theensityat g=0 camederivedromp(r)

il Qi
v = i
¢ Qi Qi

™1 3 ni Qi

This alternativestimateof Ry makesuse of thevholescatteringcurve ands lesssensitive to
interactions or to th@esencef asmallfraction obligomers

2017 publication guidelines for structural modelling
of small-angle scattering data from biomolecules in

solution: an update -
ActaCryst (2017). D73, HA28

Jill Trewhella,>* Anthony P. Duff,” Dominique Durand, Frank Gabel,® ). Mitchell
Guss,* Wayne A. Hendrickson,® Greg L. Hura,’ David A. Jacques,® Nigel M. Kirby,"
Ann H. Kwan,” Javier Pérez,’ Lois Pollack,’ Timothy M. Ryan," Andrej Sali,* Dina
Schneidman-Duhovny,' Torsten Schwede,™ Dmitri 1. Svergun,” Masaaki Sugiyama,®
John A. Tainer,” Patrice Vachette,” John Westbrook® and Andrew E. Whitten”

Comparisoof estimatedromGuinier
analysisandfromP(r)is a usefulcrosscheck

(d) Structural parameters.

Gl (tetramer) BSA CaM

Guinier analysis

{{1)] !cm_'} 0.0759 £ 0.0008 0.0861 £ 0.0008 0.0554 £+ 0.00008

Ry (A) 3287 £0.13 28.33 £ 0.05 2174 £ 006

Gomin (A7) ) 0.007 0.007 0.007

qRy max (g = 0.0066 A™") 13 13 1.3

Coefficient of correlation, B 0.999 0.999 0.999

M from [(0)) (ratio to predicted) 178312 (1.03) 63589 (0.99) 21944 (1.31)
Plrissalysis

10y !cm_'} 0.0748 £ 0.00008 0.0850 £ 0.00006 0.0533 £+ 0.00006

Ry (A), 3265 £0.04 28.32 £ 0.03 222 £ 0.06

e (A) ] 92 87 72

a rangedA™") 0.007-0243 0.007-0.282 0.0074-0.310

X~ (lotal estimate from GNOM) 0.929 (0.94) 0.858 (0.96) 0.855 (0.91)

M from [{0) [ral-m to predicted value) 180191 (1.04) 65354 (1.00) 21718 (1.29)

Porod volume (A7) (ratio Vy/calculated M) 229000 (1.3) 101000 (1.5) 25200 (1.5)

V. M using the Fischer method (ratio of M to expected)

192400, 157.9 (0.91)

52440, 67.9 (1.02)

21550, 17.7 (1.05)

Javier Pérez, EMBO course, 2024 September, Grenoble

45



S SYNIE-IETIR(I)—N’

A FEW EXPERIMENTAL
CONSIDERATIONS
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P Evaluation iof .the solutiproperties
SWELL ideality
i(q) |
1 / (q)
Monodispersity

A

One must checthat both
assumptionsare valid for the
sampleunderstudy.

molecule experimente
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Evaluationof the solutiproperties
SOLEIL

SYNCHROTRON

Checkinghe validityof bothassumptiondor thesample
understudyis crucial for noarroneousdatainterpretation

U SizeMonodispersitgnustbe checkedndependently
A PurificatiorprotocotSEC, DLS, AUC, MALS, etc.

U ldeality: reachedyworkingin bufferswith screenedhteractions or at high dilution
A In practice measurementat decreasingoncentrations and cheghketherthe
scatteringpatternis independendf concentration.

=lolx =101 %)
3

e Lo fwckg geenisc Grom fesk fus M Qetecor Okoner Mitue Saior Qodes Save dots b Nerson30

21015
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SULEIL

SYNCHROTRON

M

Here, slight repulsive
interactions alter the hig
concentrated solution
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

Xdrgfnd dtita with “Grimu’ from ATEAX S

el

ergelowc (@lowq) and high ¢ (@ highcgyves

SvdPlot  Bodies Save_data Help  Version 3.0

File Tools AutoRg AverAsc Gnom Peak Axis Mar2D Detector Oligomer  Mixbure

PLOT

<1> Sub_YH_20gL_29 protein_radi28_3262._dat
(2> Sub_YH_2BgL_31_Protein_radl28_4264.dat

x|

éctive Toggle] FlleMame Rangs| Units  nBeg [~ Syn nEnd  Conc
P 1| [ | sten| [ 2 [ 2 ) [
F oz Bz [seet|[T | [ =[] [l
ST | e N
T —— | L B
T T L
Feof [ e[ e
T )
ST N T | | O |2
T m—— e N |
ranf [ e[ fE
a0 ) =
Cogf [ sem| [ g [0 [

Multiplier
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000

1.000

AT

1.000

Plot Frangs

Rangs for plotting from |1 to [3399 Fulrange [
rﬂl Select rjlw_j EEEE] j 1000 1.000

I
68

25-Feh—2811 17:51:88

Working directory: Y:\ZDDQDED'?\puhllShEdfdsta\TIuanDEcZEIlEI\Trusnﬁzﬂizgibls\
File to he opened: Sub_YH 20gL_25_provein_radl2s_326Z.dac
Vorking directory: ¥:\20090507\published-datalTruanbec2010%Truan 30 31 bish
File to he opened: Sub_YH 20gL 31 Provein radl2s_4264.dac
Plot: view experimental data

Running [nput pending in Graphics Window
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4 drogfnddtita with “HrimuE’ from ATEA s el - t
SULEIL

SYNCHROTRON
=l&ix]

File Tools AutoRg Averdsc Grom Peak Axis MarZD Detector Oligomer Mibwe SvdPlob Bodies Save_data Help  Wersion 3.0
Bl Graphics window =10 x|

PLOT

log 1

(1> Sub_¥YH_2@gL_31_Protein_radi28_4264.dat
(2> Sub_YH_28gL_29_protein_radl28_3262.dat

Data processing x|

.. AcllveTDggld FlleMame Hange| Unite  nBeg [~ Syn nEnd Conc Multiplier
-0 § [ 81| [subH 2 ﬁ”rj 100 j Wj 1000 0.2282
A E N e N I | = [ = [om  [im00
The common ST | e [ o el
" el [ sk | [T [ [ ] [ow 1.000
range should be as, T | )
g il ) r r_#s] ﬁ”rjh—j [=ez =] [0 1000
restricted as I | e | et e e

Cl [ s [ [ o
. . 3| St | [ [T = w89 [rono 1.000
possible to avoid n e

kAL sekot | [T [T = [ = [fmn  [iomw

ddi : ranl[ sl [
a Ing nOISe ro#izl [ Scku rjrj ggggj 1.000
Adjust Flat F\eselveﬂ Clear
g dl Fod | Reserved| Finish
Flot Range
_g.0 I I 1 1 L
8.18 8.28 8.38 8.48 8.58
H

25-Feb-2611  18:@9:31

M Command Window
Plot: view experimental data
Merge: menipulation with data

Flot: view experimental data -
Merge: manipulation with data e
Flot: view experimental data —_—

Running [nput pending in Graphics Window
Avémarrer| (3 E e i O 9@ E B G 8 Exporamw ... +| 84 Internet Expl... -| 8] Cable serie netto...| 8] Rapportbrdoc ... | [2] chi_ave_potPe... | [E]6 Microsoft Pa... +| T 156_pe7.pd - ... | [ primus [ pata processing ‘ (@) 18:09
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4 drogfnddtita with “HrimuE’ from ATEA s el - t
SULEIL

SYNCHROTRON
1=l

File Tools AutoRg AwverAsc Gnom Pesk Axis Mar2D Detector Oligomer Mixture SwdPlot Bodies Save data Help  Version 3.0

M Graphics Window

PLOT
log 1
-9 (1) Sub_YH_2BgL_31_Protein_radl28_4264.dat
(2> Sub_YH_20BgL_29_protein_rad128_3262.dat
<3) MergeB@.dat
_|
-s-ar dctive Topgle] FlleMame Range| Units  nBeg [ Syn rEnd  Conc Muliplise
o 81| [subvH 20 Seleot lw_jwu j 1ussj 1.000 0.2273
o 2| [subrH a0 Select lw_jlw_j 130 j lmT 1.000
ImIED| Seleat | [ = [T =] [3939 =] [ro00 1.000
“e.aF ot Select rjlw_j saaaj 1.000
(LD Select lw_jlw_j saaaj 1.000
ke ﬂ”w_jlw_j saaaj 1.000
r &7 Select rjrj saaajl 1000
ey r 8| l— Select r:llw_j saaa:jll 1000
'mOED| [ || sekat rjrj saaaj 1.000
ImiAL| elect | [f :”1_:' saaajl 1000
N o | e o
= 1000
o !
sc| Divids Samaufl adust| Guris| Fist | Reserved ges
Divest ZelEnr\d Scals | Poed | Rod | Ressrved| Finish
S ER

Flot Fiange
.

a.18 w.20 B.30 a.48 w.58 y = = =
A Select |1_;|1 ={[ioes” = [T.on0 000

25-Feb-2611  18:17:16
Il Command Window

Merge: menipulation with data
Plot: view experimental data

Merge: menipulation with data
; : e ~ -
Plot: view experimental data r

Merge: manipulation with data

Running |Input pending in Graphics Window
Bvemarrer| (3 @ WO D@ FHEC ¥ 8 bpraer . +| & 4 Inermet Bxpl... +| 8] cable série netto... | ] Rapportbdoc ... | [£] chi_ave_pompe. .. | [E]6 Moosort Po... +| 155 pezpdt- A, | Bl primus |[E vataprocessma @/ [50@ 1817
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Evaluationof the solutiproperties
SOLEIL

SYNCHROTRON

Irreversiblaggregation

Y Uselesslata; thavholecurvas affected

100
100
10}
« 3.4 mg/ml
* 7 mg/mi i Approx. expected curve
@ _ °
B 2
0.1}
0.01}
‘ ‘ ‘ 0.001 S S —
0 0001 9-((3:\922) 0.003  0.004 0 005 01 015 02 025 03
) q (A
1(0): > 150fold the expected ) )
value for thegivenMM SwingE Domaine 1242 de RRP4&07/08

(Courtesy D. DurantBBMC, Orsay
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Evaluationof the solutiproperties
SOLEIL

SYNCHROTRON

Weak aggregation Y possible improvement

centrifugation, buffer change

NanostarEPR65 protein

200 200 a
 100| 1 B 100}
90 ‘o % P,
80 . 50 OR-1.3 .
70 : = 70 o
60 I Q=13 60
50 w w ‘
0 00005 0001 00015 0.002 0 00005 000l 00015 0002
i & ()
R, ~ 38 AE slightly too R,~36A
high (Courtesy D. DuranéBBMC, Orsgy
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RemovaggregatesiISIngSECSAXS

SWLEIL

3.

SYNCHROTRON

ASNP elution profile, monitored by UV absoprtion at 280 nm
mAU l

1000 §
800 - | ".\
600 | \

400 - \
o0 \
% | \
0
-,
e —

200 -
T
15

o
20
Elution time (minutes)

Comparison betweehlPLC purified and Direct injectioncurves

P —— y
of ASNPwith HPLC
Rg=25.7A A5
9-Rg,i,= 0.657 / q.Rg,,= 1.09 o
-5
4 ASNP direct injection
Rg=29.1A
g.Rg,i,= 0.659/q.Rg,,= 1.19 55
4 -6
n.lm 6.5

elution

0.0003

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

- 0.00025

-+-4 0.0002

.| 0000158

o4 1.00e4

5.00e5

B0 RS 70 75 an &5 an

\ L L L L L
a0 35 a0 45 &0 &R a5

Frame number £ time)

,
25

Fitting the HPLEpurified experimental curve with the crystal structure
Log |
I

E HPLC purified experimental curve

B Curve calculated from crystal structure

- T T T T ‘ T 1

0 0.1 0.2 0.3 0.4 0.5
Q/A!
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SWLEIL

SYNCHRQTRON.

Data collectiowithoutcirculatinghe solution

10 7 —I(9)_p124_014_2stest_im_02_00

1(q)_p124_014 2stest_im_07_00
— 1(q)_p124_014_2stest_im_08_00

S Irrad

0,1

[
NS

0,01

a(A-1)

0 0,1 0,2 0,3

0,8

0,7
0,6
05

04 r

0,3

0,2

—1(q)_p124_014_2stest_im_00_00
1(q)_p124_014_2stest_im_01_00

T — 1(q)_p124_014_2stest_im_02_00

i | — I(a)_p124_014_2stest_im_04_00

—1(g)_p124_014_2stest_im_07_00

0,1

0,08

0,09 +

i | — (a)_p124_014_2stest_im_08_00

0,04 0,06 0,08

a(A-1)

Unwanted: Radiationfeffects

0,8

0,7
0,6

05

04

03

0,2

0,1

0,09 -

0,08

Forsomebuffersgvenwith a circulatingsolution (SEGAXS$erg

0,07

+  1{0) Buffer1
0,06 + 1(0) Buffer2

L
=}
@

=l
=4
B
.

Forward intensity (cm™)

=l
=3
]
¥

=)
=)
@
.
et "

70

60

50

30

20

1]
0,01 | Yy 10
o . -ﬁ"- — o

950 1000 1050 1100

Elution time (s)

1250

() uonesfb jo snipey
Scattering intensity (arb. units)

0.001
0 005 01 015 0.2 0.25 0.3 0.35 04

0.01

Buffer 1

‘ I(g) Peak start (1000 sec)

o

",

q=4nsin@/L (A7)

Scattering intensity (arb. units)

—1(q)_p124_015_1stest_im_00_00
1(q)_p124_015_1stest_im_01_00
—1(g)_p124_015_1stest_im_02_00

—1(g)_p124_015_1stest_im_05_00
—1(q)_p124_015_ 1stest_im_06_00

———1(g)_p124_015_1stest_im_07_00
—1(g)_p124_015_1stest_im_08_00

1s irradiation

0,02 0,04

q(A-1)

Buffer 2

I(g) Peak start (1000 sec)

0.001
0 005 01 015 0.2 0.25 0.3 0.35 04

q=4nsind/L (A7)

0,06 0,08 0,1

Pérez J., Vachette P. (2017) In:
Biologicabmall Angl&cattering
TechniqueStrategiegnd Tips.
Advances Experimental
MedicinendBiology vol 1009.
Springer, Singapore
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Unwanted: Radiationfeffects o

SWLEIL

SYNCHROTRON

Coflowsetup

‘p)  Without CoFlow )

R-ray——

Capillary
adsorbed
aggregate

X-ray

Coflow Sample in buffer C)\

Kirby, Net al.(2016). Acta
Cryst D72, 12%4.266.

1(0) (cm-1) Rg (A)
0.040 -

0.035
0.030
0.025
0.020

0.015 |

0.010

0.005

0.000 QTR R OO0 @RID-OM i LD-00K
250 300 350 400 450 500
Frame number
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SULEIL Transmission-and bufferimeasurements arelcrucial

SYNCHROTRON

ATransmission

AThe experimental scattering intensity must be normalised by transmitted intensity.
ATransmission intensity must be measured with high aceuaty4).

Ug
Detected: I,,(0)

| Z
Incoming flux

ABuffer Transmitted flux

ABuffer and protein samples must be measur ™ v
in the same cell for correct subtraction of
parasitic background arising from slits and

A _
holder walls.
AThe buffer in the buffer sample must be
identicato that of the protein sample (dialysis,
M. *u _(1Ca

| particles(q) = Isample(q) - buffer(q)
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SWLEIL

SYNCHROTRON

Calibration of the-selp wsing water-scattering

Liquid scattering (theory)1(q) = constanatsmallg = rOZZZr A2 (XTk;

lipomeoy = 0.0163 cni at 20°C

Plot data
PLOT

log 1

8.8 | 1> Water_2s_sub._dat

D:vActionjava_1.3~UTILISATEURS pourhplc \DATA_1D
26—Sep—26088 11:16:28

Finished [Input pending in Graphics Window

- Forany samplein that capillary

Molecular density

(0
Water is used as primary reference
to get the absolute intensity scale

Example:

ACapillarydiameter=1.6 mm
Mverageof 2 frames of 2s
AEmptycapillary subtracted
ANormalizedby solidangle
ANormalizedby transmitted intensity

= 0.042Exp Units
= Kexp* IH20,theory

IH20,exp
IH20,exp

A Here: K,,;=2.56Exp.Unitg cmr?

: Itheory((-\'m_l) = Iexp/ Kexp = Iexp/ 2.56

Javier Pérez, EMBO course, 2024 September, Grenoble
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SULFEIL Fromrmeasurements|to l{q)data

SYNCHROTRON

Relation between thiee numbeof measureghotonsN,;, on a given pixel of the
detector, making a solid angie, and th&catteringntensityper unit volume :

Differential crossection

/‘ agivenpixel

(R 2 0 qeP O
90 T ATAT & XX Distancesamplepixel

/‘ Numbepf detectedscatteringphotons in
A
An]

Irradlated volume \ Sample thickness

Sample transmission
Scattering Intensity per unit Volume

Number of incident photons
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At this stage

SU‘LEIL

"SYNCHROTRON

Wehave gondrom S —

to

()
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SWLEIL

SYNCHROTRON

Now, we have to gdrom

(@)

to

m_.f
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SWLEIL

SYNCHROTRON

MODELLING
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BioSAX8ata modeling
SOLEIL

SYNCHROTRON

A Theoricainodel ocompleteatomicstructureavailable

VaI|dat|osné:d?(r)1:]|f|catlon in CRYSOL
utl FOXS
— B} PepSISAXS
WAXSIS
A Nothingknown(excepthe curve
DAMMIN
Low resolution model DAMMIF
< — GASBOR
MONSA
DENFERT
A Structures afubunitsavailable
Rigidbodymodelingf the ..
complexand ; SASREF
BUNCH
—
.. . CORAL
moleculamodelingf the e DADIMODO
38 A missingpart o e
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http://nar.oxfordjournals.org/content/early/2015/04/15/nar.gkv309.long

Slide slightly modified from Dmitri Svergun, EMBL Hamburg

Sw':}ﬁ_p_”_ Salventseatieringhanrdreantrast

SYNCHROTRON

PR
PR
PR
N
)
N

solution(Q)

solvent (C

)

©.©
e ©
| particle(CI)

To obtain scattering from the particles, solvent
scattering must be subtracted tgield the pair
distribution of the effective densitid (r) =r (r) - r,
wherer,is the scattering density of the solvent.
Further, the bound solvent density may differ from

that of the bulk.
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S Eﬁ; CRY.SOLfrommatomicrcoordinates to.aSAXS curve
) SYNCHROT IL

SYNCHROTRON

A,(q) =moleculascatteringamplitude in vacuum

o n ok "ow 170 W) A(Q) scatterlngamplltude‘romexcluded/olume

A(q) =scatteringamplitudefromthe hydratation
shell layer ofirbitrarythicknesssA

In CRYSObrogramin orderto gain computingtime, 1(q) is developedn a seriesof Besselfunctionsand
sphericaharmonics

v 4 o I d) 9 ygr J
0 1 0 n %’_ 6 M 106 1
Wwa 0.)

Theexperimentadcatteringcurvesarethenfitted usingonly3 parametersn orderto minimizehe discrepancy :
- thegenerakcaleof|_,(Q)
- thetotal excludedrolumeV,whichis equivalento modifyinghe averageelectronicontrast
- thecontrastoftheborderdayerd r

2 1 aN‘ gl exp(ql) Scalé Icalc(q|)g

c u
N-1 '1@ Sexp(qi) g

SvergunBarberat& koch(1995), J. Apiilryst,28, 768
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SULEIL Effectcof the hydrationshell

SYNCHROTRON

T state ofE. coliallosteric ATCase

e Experimental data
— Fit without hydration shell

01 0.15 02 025 0.3
q=4 sinf /1At
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SULEIL 3D shape-reconstructions from SAXS data withi DAMMI

SYNCHROTRON

Abinitio shapemodelling nothingis knownexceptedhe curve!

Principleof the method: any structurevolumeof homogeneou®lectronic density canbe approximatedét
anyresolutiorby a setof sphere®f smallenoughradius(r,)

Startingmodek spherewith aradiusR=D, /2 with N scatteredbeadqr, <<R)
Thenumbeoftheeé j 2 ~ ~+°¢CN® ERk,)3

Eachsphereis associatedo a positionj andanindexX correspondintp the type of the phase(X = 0 for
the solventandX =1 forthe molecule)

o F(X) = 2|1 (@) egpr | (0 X)|+@P(X)

Xis a conformatiorof the system
P(X)is a penaltyfunction

N el (q)- scale | .(q)d |
02 — 1 a é exp(q|) CaIC(ql)l:J 1
N - 1i:1@ Sexp(qi) ¥}

D. 1.SvergunM Kozin M.Petoukhsqv\/.\/olkov(1999)Biophys]. 2872886.
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SULEIL 3D shape-reconstructions:from SAXS data with DAMMI

SYNCHROTRON

A Obtaining3D shapesrom SAXSlatais anill-definedproblemthat canbe **partially** solved
byintroducin@dditionainformatiorto reduceambiguity of interpretation

A Using simulatedannealingfinds a compactdummy atoms configurationX that fits the
scatteringdataby minimizing

f(X)= cz[lexp(s), | (s, X)] +aP(X)

where ¢ is the discrepancyetweenthe experimentabnd calculatedcurvesP(X)is
the penaltyto ensurecompactnesandconnectivitya>0 its weight

compact

| -.‘ T _*i, | &
Lq T R
e N AR

loose

disconnected
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SULEIL 3D shape-reconstructions from SAXS data withi DAMMI

A
A

SYNCHROTRON

Aserienfruns(10-50) areperformedo comparahedifferentshapesbtainedromthe samedata

Aftertherun anoptimalsuperpositionf modelds realizedwith the progransuite DAMSEBNdDAMSUP

The algorithmdefinesa criteria of similarity called « NormalizedSpatial Discrepancy or NSD,which

measureshe agreemenbetweeranypairof models

Similarshapegesultsin NSD< 1, verysimilarshapedNSD® 05

File Aiver

Q.52

1 2 3 4 5
0.00 0.51 Q.52 0.50 Q.52

1
|z

0.52

0.51 0.00 0.52 0.439 0.52

3

4
5

0.53
0.53
0.53

0.52 0.52 0.o0 0.53 0.52
0.50 0.49 0.53 o.o0 0.54
0.52 0.52 0.52 0.54 0.o0

Mean walue of N3D : 0.535
atandard deviation of N3D @ 0.0o08

Damsel.log Damfilt Damaver
(intersection)  (all superimposed)

Modelsareconserved its NSD< Meanof NSD+ 2*standarddeviation

The