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INTRODUCTION
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o Principles of Small Angle Xxray Scattering in solution

k =
Detected: 1(Q) f qa=k; - Kk

gajglf mg/ml 2D detect Radial average
' etector : :
V>6ul (isotropic sample)

SAXS provides structural information about macromolecules in solutiprp( N
ALimits
Aspherically averaged informati@yn low resolution
Anonunicity of the solution
Adoes not distinguish elements in a mixture
Advantages
Asolution ( no crystal ) kinetics, titration, B P

Arelatively easy to carry experiments

i . q=4 sing//,in Al
Acan be checked against atomic models

‘ SAXS is at its best when complementary (structural) information is available
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o Principles of Small Angle Xxray Scattering in solution

©C O ' | |

Structural information directly obtainedfrom a scatteringcurve

Aiophysicalparameterssizeandtype of shapgglobular multidomains unfolded é )

Anoleculamweight oligomerizationstateandvolume

3D structural modeling

Aoossibldow resolutionmolecularshapgabinitio method3
Adirectcomparisorwith high resolutionmodel
Aoossiblemodelof (un)structuredmissingparts

Aigid body orientationswithin multidomainstructures

A Models« compatiblewith SAXSdata»
NOT unique models NO electronicdensitymaps
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Structural information about macromolecules in solution

Nothing known (except the curve)

Known or supposed allatom models

nnnnnnnnnnnn

Structure of subunlts available

Zones of supposed high flexibility

I \,__Jf\\/”\‘__,\_\

"Q’V\“Q e _\____\\KJ \/_,»
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Shape determination )

‘ DAMMIN
P— DAMMIF
) DENFERT
Model validation / elimination CRYSOL
FOXS
SASREF
Rigid body modeling BUNCH
of the complex CORAL
' DADIMODO
R . EOM
Selection within an Ensemble £
of Random Conformations £ MES
S —
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What may solution scattering yield?

I91(s)  2.00 1.00 0.67 0.50 0.33
Resolution, nm
8 |
7 |
6 |
‘ Internal
5 - | structure

0 5 10 q, nm-t 15
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SAXS BASICS
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Elastic Thompsonscattering by an electron

AWnhat scatter X-rays are the electrons

E(Rt)=- %

EOy COS(ZL] )ei(kR- wt)
EOz

X-ray incident beam
Wavelengthe=2" / k

=2,81810"m

o

:4,0 anc’

Ar . is called the electron classical radius
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Scattering amplitude by a a particle

Coherent scattering:
summing up amplitudes

A« Number» of electronsn volumed3r : dj =} (r)dr

Wavel.: E(R,t) =3 %E(;(Zq)ei(m- ut)

Wave2: E(R’t) =- %E(;(ZC])ei (kR- wt bk ©- @@)

Phase shifbetweenvavesl and 2
Y QP-Q>@ (Q1Q)P

A Thescatteredvaveis the sumof the wavesscattered

by the electronof « all thevolumesd®r »

Particlescattering< length» (or Amplitude):
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ip “A= Momentumtransfer
4psin(g)

a=a ===

A(Q) = - I, fy o ()e " Cd°r
V
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Intensity scatteredby a samplel Auto-correlation function

Scatteringamplitude A(a) =- 1} e(F)e‘ 1903

Scatteringntensityper unit volume 1(Q), usualunit: crm.

1@ =2 AR @)= me(rl)e @) (e g,

(@) =" &3 (1)y.(me o aer,

L
V

pd T PO A AT o
Auto-correlationfunctiona(r) : g. (r): \—/ N e(l’ )1 e(l’ +r)d°r

- 2 A~ - G . ;
1(q) =T, me(r)e 993y The scatteredntensityis the FouriefTransformof
the electronicdensityautccorrelationfunction
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Particlesin a

A A particle is described by the associated electron density distriguyifon

In a matrix,whatcontributedo scatterings the contrastof electrondensity
betweerthe particleand the matrixp(r) =4 ,(r) - } o thatmay bevery smallfor
biological samples.

[ 4
el. A3
r =043 [~ -particle a Ib_r
l’0 = 0.334

matrix
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Particlesinserted ina

AScattering amplitude ‘ . .
| i

f(a):- Oﬁ)r(F)e“aéd?’r,a, 0
/Vl \ ‘\.
\P|articles

_ Electronic Density Contrast
Particlesvolume

A (O is the contrasbof electronicdensityanddescribeshe scatteringpbject
Af(N) is theScattering Amplitude of the ensemble of the particles

AScattering intensity per unit volume

a)= rla)r(a)

Irradiatedvolume

Al(q) is expressed in cfnand 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
space (no long range correlations). The sample as a whole is thevefargic. As a
result, the scattering intensity only depends omtheulusof Q , Q =4 sin(d) /e

Scattering from a single particle B (—f S (—»'
in solution, averaged over time: |1(q) = < f\a)f; \g >W

/

1,(0)= rOZVobj2<Dr >2

The form factor P(Q) is the

normalizedsignature ingi spaceof a | ) Particle volume
e . _ 1\9

particle in solution. P(q) =

AverageElectronicl
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Basic law of reciprocity in scattering

All, including large, distancesy <> Small scattering angle
In theparticle

Short distancesy in theparticle <:> Large scattering angle

Phase q-qr

/

2
— r ~ — — _i—» .—»_r—»
1@ =2 PPy (e e,

iV,
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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 onbeamline SWING
2103<q<710tA1
750 A>D, ., 10" | \
3100 A >dg ;> 9 A 0 0.125 0.25 0.38

q=4" sind/a(A1)

Long distancecorrelations <==> modulations atsmall q
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A SAXS curve results from a pair of
measurements : solution & buffer

Log scale

I solution (q)
Ibuffer (q)

. - |

| particles (q) = solution (q) - buffer (CI)
Isolution (q) = Ibuﬂ‘er (q) — Iparticles (q)

To obtain scattering solely from the contrasting particles, intrinsic
solvent scattering must be measured very accurately and subtracted |,
which also permits to subtract contribution from parasitic background
(slits, sample holder etc) which should be reduced to a minimum.
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Do not get mixed up!

contrasteffect 2
R -
f(a):_ Oﬁ:)/'(F)e_iaédSI’ |(Q):<f(a)f*(a)> - & [ 4
v . @ @

buffer subtraction "' ‘4 v _
D ®

I particles,exp(q) = Isolution,exp(q) B Ibuffer,exp(q)
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Monodispersity and ideality

AMonodispersity

AYesa Identical particles

ANo & Size and Shape polydispersity

Aldeality

AYesd No correlations between particles positions
(No shortrange or longange interactions)
ANo & Correlations between particles positions

(Existence of shontange or longrange interactions)
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ldeal and monodispersesolutions

Aldeal 1(q) = a | (CI) - a. <fi (a)fi*(a»w

i=LN i=LN
AMonodisperse |, (CI) = il(CI) whatever

Aldeal and monodisperse 1(g) =N il(Q) = N< fl(a) fl* (a)>w
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1,(0) 'dea"t) I(q)

Monodispersity

One must checkhat both
assumptionsare valid for the
sampleunder study.

molecule
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Checkingthe validity of both assumptions for the sample
under study is crucial for non erroneousdata interpretation

U SizeMonodispersity must be checkedindependently
A Purification protocol :SEC, DLS, AUC, MALS, etc.

U Ideality : reachedby working in buffers with screenednteractions or at high dilution
A In practice : measurementsat decreasingconcentrationsand checkswhether
the scattering pattern is independentof 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

Solution X-ray Scattering from Biological Macromolecules 5th Schoolof SaxsData Analysis, 2016May 2nd i 6th, LNLS, Campinas ©

:::::



o SE-HPLC / Solution Sampler

© O : Flow rate 250 pl/min AMonodisperse solution

AAggregation is eliminated

AOligomeric conformations can be distinguished
Ve | AEquilibrium states can be transiently separated

B a7t
Small molecules | T8 &

merthe  Co s 203 APerfect background subtraction

mhetee s, | RAutomatic concentration series
miue_ D) Size Exclusion Incident X-ray
Flow direction UV-Vis
I in
UV Detector (280 nm) i SAXS
‘ Cell
Flow rate 540 pl/min
UV-Vis
out
ASmall volumes (~ 10 pl)
ANo dilution
AHigh rate (a few minutes)
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DATA ANALYSIS
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Data Analysis

A GuinierAnalysis
A Kratky plot : why is it sointeresting?

A « RealspaceSAXS » : Distancecorrelationfunction P(r)
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A GuinierAnalysis

Solution X-ray Scattering from Biological Macromolecules

Data Analysis

ccccc



Data Analysis Guinierlaw

Close tog=0, thescatteringntensityof a particlecanbedescribed
by aGaussiarcurve

Thevalidity domainactuallydepend®n theshapeof theparticle
andis aroundq < 1.3/ Rgfor aglobularshape

Prof. André Guinier
19112000
g O Orsay, France

i

1(q) = (O)eX@ q

Extrapolated intensity at origin Radius of gyration

Guinier law, in Log scale :

in[1 (@)] = n[1 ©)]- ng

The Guinierlaw is equivalenbf alinearvariation ofLn(I(q)) vs ¢? (Guinierplot).
Linearregressioron theexperimentalGuinierplot directly providesR ; and 1(0).

Solution X-ray Scattering from Biological Macromolecules 5th Schoolof SaxsData Analysis, 2016May 2nd i 6th, LNLS, Campinas ©

:::::



Data Analysis Guinierlaw

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

R,
In[I(g)] @n [I(0)] —39q

Validity range :

0 <R,0<1 for asolid sphere

0 <R g<1.3rule of thumbfor a
globular protein
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~
O
=

0.8

1(0)

0.7

0.6

0.5

0.4 °

0.3
qR,=1.2

0.002
q° (K%

0 0.001

0.003




Radiusof.gyration N o
% , mrzDr (r)dr
RO, =———fV=
mDr r)dr
Lysozyme
Useful definitions oRg
[
RS :%é Hri - E:]iﬂﬁ‘z by atoms

45 A

R = Ql’(r)fz dr/Qr(r)dr by electron density

5 1 o o D]fz .
R, maaul’,- j‘ by atom pairs

| J
Rj =1 62 p(r)dr /c‘p(r)dr by pair distribution

graphic: www.silvercolloids.com/Papers/hydrodynanradius. pdf

R, radius of gyration Sphere Rg :\/ER
R, hydrodynamic radius (not alwaysRg!) 5
Rg maximum hard sphere radius Thin rod Rg — /iL
Ry radius of masequivalent sphere 12

* center of mass of thelectrondensity Thin disk I% = \/%Rjisk
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Massretrieval fronGuinieranalysis

1(Q) = 1(0) ex@ Q3Rg2§

Absolute Unit : cni

Classical electron radius

207 ~ 2 -\,
I(O) C@/I\@ Cb/ ( prot rbuf )]2 = mr o pmt(r r

N _ 2 _ AU
\]N X RO ﬁDrprot(r r

Masg concentration Electronic density contrast/

Protein specific volume

Rgdepend®n the volume

(0) givesanindependenéstimation AND on theshapeof theparticle

of themolarmass of thgrotein
(only if the mass concentration, c,

. . , Forglobularproteins: R, ( i )e& & 0 “H) Q&0
IS preciselyknown € ) Forunfoldedproteins: R, ( )yBtar O 8
Typically; Bernadoet al. (2009)Biophys J.,97 (10),2839-2845.

M (kDa) = 1500 * 10 (cmt) / C (mg/ml)

Solution X-ray Scattering from Biological Macromolecules

:::::



Examplecof\Massetrieval fro@uinieranalysis

Heneggwhite lysozyme

AC =5.6 g/

Averageof 8 frames of 2s
Auffer subtracted
ANormalized by solid angle
ANormalized by transmitted intensity

inf1 @] =Mn[1 (@] ¢

R,=15.1N0.03A
| exp(0) = 0.0543cmt

FromI(0) providedthe setup wascalibratedto give
1(Q) in absoluteunits (cnT?):

M (kD) = I, (0)*1500 / c,
A M,,,= 14.6kDa

Solution X-ray Scattering from Biological Macromolecules

3 .
/ N

ot: globulaw icle

: parti
name: Lyso_5.6_sub.dat GUINTER

Particle type = @

Points 37 to 184 fidel = 1.88
imi : 0288 +to—1-28

Rg = 15.1 +— 3.23e-2

= 8.13911 + 1.56e—

1 1
99088 0.9828 0.9848 q Rg - 1 3
.
D:~Actionjava 1 .3\UTILISATEURS:pourhplc\DATA_LD
26—Sep—-2088 13:35:16
‘Finished |Input pending in Graphics Window

FromRg, supposinghe proteinis globular

Mgy(kD2) = (Rg/ 6.3)
A Mg, = 13.8kDa
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Evaluation of the solutioproperties

Irreversibleaggregation

Y Uselesglata: thevholecurveis affected
100

100

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

I(a)

1(9)

01| .
0.01}
‘ | ‘ oootb—oo o
0 0001 S%OE 0.003  0.004 0 005 01 015 02 025 03
=) a(A?

1(0): > 150 fold the

expected value for the Swingi Domaine 1242 de RRP44 07/08

given MM

(Courtesy D. Durand, IBBMC, Orsay)
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Evaluationof the solutioproperties

Weak aggregation Y possible improvement

centrifugation, buffer change

Nanostari PR65 protein

200 200
g G
100} 100} .
90 90 -
80 °
80
o | QR=1.3
I Q Rg: 1 . 3 70 g
60 60
50 | | |
50 | | |

T (A9
A R, ~ 38 AT too high!! R, ~ 36 A

(Courtesy D. Durand, IBBMC, Orsay)
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Evaluationof the solutioproperties

Guinier plot

U 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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Evaluationofthe solutioproperties

Guinier plot

S 0.1

qR,=1.3

0 0.001 0.002 0.003 0.004
q° (A

0.01

N. Leulliot et al.,JBC (2009), 284, 119929

Solution X-ray Scattering from Biological Macromolecules

sameRg at all three
concentrations

No interactions.



Evaluation of the solutioproperties

Guinier plot

M primus

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

M Graphics Window

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-?

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 solutioproperties

Guinier plot

M primus

Fil AutoRg  AverAsc Gnom Peak Axis Mar2D Detector Oligomer Misture SvdPlot Bodies Save_data Help  Yersion 3.0

M Graphics Window

. 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

c=3 -
R, = 56.6A

c=4
R,=49.3A

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 solutioproperties

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?

c=2 |
R, =59.9A

c=3 -
R, = 56.6A
c=4

R,=49.3A

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 solutioproperties

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

A GUINIER

Particle type = @

I
7.5F L | Points 5 to 24 fidel - 6.8
. F sRg limits : B8.496 to 1.13
! Ry - 68.8 + 3.18e-2
| - 561.9266 + 1.68e-7
|
|
[N
i A A
-
3.0 !
8.5
Pl I P
9.0
|
8.08 8.18 8.26 8.30 .48
sRx2xE-3

B8-Dec—-20@9  11:19:53

Running (Input pending in Graphics Window
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Data Analysis

A Kratky plot : why is it sointeresting?
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Kratky Plot

SAXS providesa sensitivaneango evaluatethe degreeof compactnessf aprotein

o Todeterminenvhethera proteinis globular extendedr unfolded

19021995
Graz, Austria

o To monitor thefolding or unfoldingtransition of gprotein

Thisis mostconvenientlyrepresentedsingthe so-calledKratky plot:

Log{ 1}
1-0)-
o Unfolded

g?1(q) versugy

Partially unfolded

v

Folded

-3.3
0-0

0.1 0.2

Folded particle : bell-shapedcurve (asymptotidbehaviour |(Q)~Q4)
Random polymer chain : plateauatlarge gvalues ésymptotidoehaviouin 1(Q)~ Q2)

Extendedpolymer chain : increaseatlarge gvalues &symptotidoehaviouin 1(Q)~ Q1X)
5th Schoolof SaxsData Analysis, 2016May 2nd i 6th, LNLS, Campinas @
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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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Dimensionlesratky Plots «of folded-proteins

Introduced for biology in Durand et al. (2010)Struct Biol. 169, 4553.

The relation M (kDa)  (Rg/ 6.5) only works

For globular structures, DLKPs for the globular structures, not theelongated
fold into the same maximum l
1.6 :
G-Actin
Rg=23.2 Angs, Mass=41.7 kDa
1.4 - ASNP
Rg=26.0 Angs, Mass=71.4 kDa
ASDG
12 - Rg=35.6 Angs, Mass=146.6 kL
— ' CDA2
S Rg=39.1 Angs, Mass=98.9 kDa
—_ BCDAS3
= 1- Rg=51.7 Angs, Mass=144.4 kD
o
=
o 0.8
~
(@)
x
@ 0.6 -
N
04 -
0.2 -
0
0 2 4 6 8 10

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

ReceveurBréchot V. and Durand D (2012),Curr. Protein Pept Sci., 13:5575. IB5
3.5 ‘ ] unfolded \,\_J\ N
--------- PolX aﬂ’ L '
3 i . 4
S 25
=
= 2+
N
E@
S 15}
11|
1 =
05}
00
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 : NCSrheat unfalding

0.007 SR SE U L c ML R B PRI SRR A FLEL B SRR (LR L O WL
Z T=61.6"C
/{‘“ 0.006 - —— T7=63.4°C 1
-\ T=65.1°C
0.005 —— T=66.8°C
T=22°C T=76°C = Ta20.1°C
%O.m4 1 T371.9 C L
: : . - T=75.4°C
A In p_ractlce, thin (_Baussmn = 0.003 | 1=76.8°C _
chains do not exist. NO x
In spite of the plateau at T=7@C, 0.002 - :
NCS is not a Gaussian chain when
unfolded, but a thick chain with 0.001 - -
persistence length
AT SO ) ISR W 1] (NPT PT VNS SIS N W [N i v (L ) L
0 005 01 015 0.2 025 0.3

Pérez et al.J. Mol. Biol.(2001), 308, 72174.
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Molecular Weight-estimation:based Borodinvariant

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

Adoes not require knowledge adncentration
Arelies onPorodVolume theory+ structural database
Adoesnot work for proteins with unfolded domains

File About

Recent methods for MW estimation  based on similar though different grounds were developed
Rambo R. AndrainerJ. (2013), Nature496, 477481.



Data Analysis

A « RealspaceSAXS » : Distancecorrelationfunction P(r)
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DistanceDistribution Functionp(n)

The distance distributiofunctionp(r) is

proportionalto theaveragenumberof
atomsata givendistance, rfrom any
givenatomwithin the macromolecule

Protein

p(r) vanishesatr =D, .,

The distance distribution

Solution X-ray Scattering from Biological Macromolecules

P(R) 4

N L

i
VT

Scoimirsphere

function characterises the shape of the particle in real space
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Relationthetweep(r) and!l(q)

Intensityis the FouriefTransform |( ) —
of selfcorrelationfunctiona,,(r): 9

And : p(r) :gobj(r)r2

Fourier Transform for

i Isotropic samples
Then I(q)=4prezﬁrjp(r)#dr o
2 .
And : — r ~ 2 Sln(qr)
r= | d
(0= gz O (@ 2 da

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 Distributidtunction

Glatter O.J. Appl. Cryst(1977)10, 415421.

Main hypothesis: the particle has a «finite » size,characterisedby D, Pro

Guinier Prize 2012
Graz, Austria

AD,. .. is proposedy the user
Ap(r) is expresseaver [0,D,,,,] by alinearcombinationof orthogonafunctions

M
ptheoret(r) = a. Cn/ n(r)
1

Al(q) is calculatedoy FourierTransformof py,eqfr)

D _ .
o sin(qO@

I (q) — 410 reZ/ n ptheoret(r) (q )dr
0

Svergun(1988): program "GNOM"

Dr. Dmitri Svergun

M ~ 30- 100Y ill-posed,SQY regularisatiormethod e g
+ "Perceptuatriterid' : smoothnessstability, absence ofystematiaeviations

AEachcriterium has aredefinedveight
AThe solutionis givena scorecalculatedoy comparisorwith « idealvalues»
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Distance! Distribution Function

Experimental examples

Solution X-ray Scattering from Biological Macromolecules

Heat denaturation of Neocarzinostatin

ﬂp”-»

Tk ™
T=22°C T=76°C
Pérez et al., J. MoBiol. (2001) 308, 727743
s, Ruetlh : i e SRR
T=61.6°C —T=70.1°C
0.004- —— T=63.4°C T=71.9°C |
—— T=65.1°C
— T=66.8°C T=754°C |
0.003 T=76.8°C |
=
o a#
0.002 ¢
0.001 ¢ oawm ]
0 20 40 50 €0 70 80
T*C)
0... PREPRRTR. I, T —— - ,‘,.,,L,-J
0 20 40 60 80 100 120
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Distance! Distribution Function

Experimental examples

Bimodal distribution

Topoisomeras¥/| 0.0008

0.0007} ,
0.0006} .
0.0005| .

0.0004} .

P(r) / 1(0)

0.0003| :

0.0002} .

0.0001| i

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

M. Grailleet al., Structure (2008}6, 360-370.
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Distance! Distribution Function

Scattering curves obtained on different complexes SpireActin 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

Complexes

Radius of gyration

Maximum diameter

M/ 75.5 A 285 A
\’/ 55.5 A 210 A
\’/ 389 A 130 A

Q_ 25 A 75 A

‘ 23.1A 70 A

L L
a.18 a.20

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

P(R) Kind ABCDA4 P(R) BCDAS3 P(R) CD-A2 PR). D1-Al
| Dmax =285 . - Dmax =210 " Dmax =130 .
999 rin A rin A
D00 .
W o %@
.s'0.0:stb’ 2% 0%

SdlutioncGray Scatteringfrom BlalegicalMacromolecules
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Distance! Distribution Function

The radius ofjyrationand thantensityattheorigin canbederivedfrom p(r)

usingthefollowing expressions :

,Pmax 2

N r“p(r)dr
Dmax

2@ p(r)dr

2

and

1(0)=4p rezt’jr’j) p(r)dr

This alternativeestimateof R, makesuse of thevholescatteringcurve andis less
sensitive to interactions or to theesenc®f asmallfraction ofoligomers

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

Solution X-ray Scattering from Biological Macromolecules
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A FEW EXPERIMENTAL
CONSIDERATIONS
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Schematics obeamlineSWING

| |
Experimental Hutch — OpticsHutch

Yo, “w—

¥ W

2x Si(111) DCM
Si 17ke

—_

Vacuum chamberhousing Q]
X-rays detector

Full flux
5.10ph/s @ 12%keV

Beamsize (FWHM)
400 (H) x 25100 (V) pn¥

In-vacuu Undulatoru20
gmin =5.5 mm
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file://FILER-EXP/Experiences/PEREZ/Rapport2008/HPLC 010.MOV

Setup for BIoSAXS at Beamline SWING
; P SULEIL

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

ET. I\

amplecirculation

Details of the BioSAXScell
Solution X-ray Scattering from Biological Macromolecules



Transmission and buffer measurements are crucial

ATransmission

AThe experimental scattering intensity must be normalised by transmitted intensity.
ATransmission intensity must be measured with high accura@yl(%).

u

% I Detected :l,,(Q)
/‘ I

Z/ >

ABuffer Incoming flux Transmitted flux

ABuffer and protein samples must be measured in the same cell for correct subtractic
parasitic background arising from slits and holder walls.

AThe buffer in the buffer sample mustidenticalto that of the protein sample (dialysis,
SEC, ¢é).

| particles(Q) = Isample(Q) - buffer(Q)

Solution X-ray Scattering from Biological Macromolecules
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Particles In solution

Relation between thihe number of measured photaps,, on a given pixel of the
detector, making a solid angjeq, and the Scattering Intensity per unit volume :

Differential crosssection

/

Numberof detectedscatteringphotons

/ in agivenpixel

! )_1ds'

V dw

(a)

DN,, 1 D?

N, T (& PxSiz@ *Distancesamplepixel

\

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 ofithe setip usingwater scattering

O

®. .. N

lH20.theory = 0.0163 crrt

rimus

Plot data
PLOT

8.8 | 1> Water_2s_sub.dat

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

Finished

Solution X-ray Scattering from Biological Macromolecules

Molecular density

iquid scattering (theory)(Q) = constanttsmallQ =r,°Z?r ,* Tk,

/'

Isothermic comprezjsibility

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

ACapillary diameter =1.6 mm
Aaverage of 2 frames of 2s

AEmpty capillary subtracted
ANormalized by solid angle
ANormalized by transmitted intensity

Example:
lh2oexp = 0.042 Exp. Units
IHZO,exp = Kexp* I H20,theory

A Here : K,;=2.56 Exp.Units / cmt
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Protocol for data collection and treatment

Data collection
1st case : the solution is supposed to be monodisperse
ATest radiation damage|(lj A 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
——— I(q)_p124_014_2stest_im_00_00 0.6 ¢ } : ——— I(g)_p124_015_istest_im_07_00
—1(q)_p124_014_2stest_im_01_00 . - - - o
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
o | —1(g)_p124_014_2stest_im_08_00 " " "
—1(q)_p124_014_2stest_im_04_00 ! . - -
04 04
———I(q)_p124_014_2stest_im_07_00 : : :
— 1(q)_p124_014_2stest t_im_08_00 ; ; ;
03 03 L. Doy
: . L 1s irradiation
Q : : :
2s irradiation ; ; ;
02 02 f : : |
\ I E—
I ——
01 E—
. gl
T -
0L - oLl | S s
0,09 0,09 | : : :
0,01 0,08 - 0,08 P M
0 ot 06z 08 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)

AData collection on concentration series (26A take account of long range interactio

Solution X-ray Scattering from Biological Macromolecules 5th Schoolof SaxsData Analysis, 2016May 2nd i 6th, LNLS, Campinas ©
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Protocol for data collection and treatment

Data treatment

ASubtract buffer A all curves 1(Q)/c must superimpose at high Q
ADetermine I, and RgA check for mass (aggregation ?) and long range interaction effec

SE B e e aloi
Be Lric by fmie G Bk o Mot otk G Wim. S ks G By Y3 A AR E=—_————

B I Butofy Averdsc Grom Pedk fxs Mar2D Demcor Obgomer Moture Pt Eodes Seve_data tep Version 3.0
=loi (W cochcswndon g =TT » v

1= S|

Alf necessary, mergdow c (low Q) and high c (high Q) curves
ACompute p(r) A should gently vanish at D,

Solution X-ray Scattering from Biological Macromolecules 5th Schoolof SaxsData Analysis, 2016May 2nd i 6th, LNLS, Campinas ‘o
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Here, slight repulsive PRIMUS: combining data

interactions alter the
concentrated curve at
small angles

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

P 41| [ubvriz _Selct |1_j |1_:|| maujl |1nT 1.000
@ 2| [ [seect|[T =f [T =f[ime=] [0 1000
(mE]| Select |1_j |1_j BBBSj 1.000 1000
a4 st |1 |1_j so39=) [f.000 1 0m
r a5 seket | [ 2 [T =[] [T 1000
g Select |1_j |1—:|I BBBHj 1000 1000
a7 Select |1_:|| [ = [ [l 1000

Multplier

small angle data using
the lowest concentration
curve or an extrapolation _——
to zero concentration
from a series of dilute R E (15 o A3 5 T e e
solutions (correction of / SRR e
interparticle effects) | I | e e

Range forplotting fom [1 o [399% | Fuliange [ _PlotAange
. -i8.0- m.‘m E.‘ZE E.‘BE m.lm m.lsm a ‘EE I—ﬂl l— ﬂl l1—:”1—:|| 49 :ll W 1000

larger angle data using : _

the most concentrated

solution

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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The common

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|

ctive Tonaed FlleName  Rsrgs| Units  nBeg [ Spn nEnd  Cone Multiplier
-8 % F&l SubvH 20 Select |1_j 100 j Wj 1.000 02282
\ @ _t2|[SubirH 20 ekt |1_:|| |1_:|| 130 j W 1.000
r &3 Select |1_j |w_j asssj 1.000 1.000
rt4] seleet | [~ [T =] [398 =] [To00 1.000

range should be O e e
g 6.8 P rﬂ”—ﬂ”‘_jh—j Wj 1000 1.000

I e s e o
ral [ w2 ] [ [
rﬂ”—ﬂlh—:”‘—j [ss9 = [1.000 1.000
rﬂ”—ﬂp jl‘—j 99993' 1000 1.000

as restricted as
possible to avoid

adding noise

Solution X-ray Scattering from Biological Macromolecules

ranl[ skl [ [ HFE [0
r aig soket | 1 2] [i =] [osa =] [10m0
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

Plot: view experimental data
Merge: manipulation with data

Flot: view experimental data ~
iscade
Plot: view experimental 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 A

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

Merge: wenipulation with data = b
imer geo
Nerge: wanipulation 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 solutions a slowequilibrium or an unwanted mixture
AUse online HPLC data collectioftyp 50 pl)

I(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 prortile, monitore apsoprton a nm 40 oonozs
Prot Y P © SOLEIL
mAU g
1000 = N ~{ ooooz
800 ‘.‘ "‘.‘
400 2 |\
200 5 |
. | {;#j \\7_, TR ] 10062
o T 0 Rg
Elution time (minutes) ‘.___“W,.“
Frame number (~ time)
Comparison betweenHPLC -purified and Direct injection curves Iitggg The HPLC -purified experimental curve with the crystal structure
: (1> ASNP.dat ™
(2> ASNP_12—7sub_tronc.dat -4 s
ASNP with HPLC =
' Rg=25.7A e
Q.Rgy,in = 0.657 / Q.Rg,, = 1.09 T
Iy | Y ASNP direct injection - _ HPLC -purified experimental curve
' § Rg=29.1A . Curve calculated from crystal structure
Q.Rg,,, = 0.659/ Q.Rg,,, = 1.19 55
o0 - \ T T ‘ \ T
0 0.1 0.2 0.3 0.4 05
Q/A?
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SEC-SAXS analyzedwith US-SOMO

Fit of elution profiles by a setof gaussiancurves
Each gaussianpeak correspondsto an eluting species

delta liq)/sd

~ Reverse v Use standard deviations [~ By percent

125.248

Following deconvolution the scattering pattern
1;(q) of eachspecieg canbereconstructed

E. Brookeset al, J. Appl. Cryst 2013, 461823 33.
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At this stage

We have gone from SRR —




Now, we have to go from

I(Q)

.,

Solution X-ray Scattering from Biological Macromolecules
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MODELLING
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SULEIL SAXS for 3D structure reconstitution

SYNCHROTRON

ThelD SAXSorofile is the Fourier transformof the 3D structure
But the inverseproblemcannotbe solvedanalytically,i.e, noi i nveos mgu t ehhbe wsed yield
3D positioncoordinatedrom scatteringdata

Realspace3D Molecule Reciprocalspace Reciprocalspace 1D profile reciprocal
2D anisotropidmage 2D isotropicimage space
Log{ 1}
Fixed Averaged Radial 1
orientation orientation averaging - -
Phase lost Orientation *’
lost

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

Bearin mind !

One 3D structuouve Y One SAX|S
BUT
One SAXScurveY Many 3D structures, all compatibigith the samecurve
Additional constraints are alwaysneeded
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SULEIL SAXS dataanalysis available programs

SYNCHROTRON

1) Nothingknown (exceptthecurve

Log{!}

-7
-8 &/\
0.1 0.2

T
0.3

Solution X-ray Scattering from Biological Macromolecules

Low resolution model

Validation/identification in

solution

Rigid body modeling of the
complex and

molecular modeling of the
missing part

6.5 T

0

DAMMIN
DAMMIF
GASBOR
MONSA
DENFERT

CRYSOL
FOXS

SASREF
BUNCH
CORAL
DADIMODO

:::::



A word of caution

A's = 2simy/l  modulus of the scattering vector

A Q = s = Ppsing/l momentum transfer

A But in his programs : D. Svergun uses
s =4psing/I
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ADb 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,

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

Solution X-ray Scattering from Biological Macromolecules

Position(]) = X(]) = 1 or

§ M° (Dmax/ro)30 10° >>Ns
parameters, too many for
conventional minimization

8§ No unique shape restoration
unless constrained

8§ Able to describe complex
shapes

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

Walter, D., Cohen, FE. & Doniach, S.
(1999), J. Appl. Cryst.,33, 350-363
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SULEIL 3D shape reconstructions from SAXS data wittDAMMIN

SYNCHROTRON

A Obtaining3D shapesrom SAXS datais a ill -defined problemthat can be **partially**
solvedby introducingadditionalinformationto **reduce** ambiguityof interpretation

A Using simulatedannealing finds a compactdummy atomsconfigurationX that fits the
scatteringdataby minimizing

f(X) = c[le(S), 1 (s, X)] +aP(X)

where ¢ is the discrepancybetweenthe experimentabnd calculatedcurves,P(X) is
the penaltyto ensurecompactnesandconnectivity,a>0 its weight

compact
loose

disconnected
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SULEIL 3D shape reconstructions from SAXS data with DAMMIN

SYNCHROTRON

A A seriesof runs(10-50) areperformedto comparethe differentshape®btainedrom the samedata

A After the run, an optimal superpositionof modelsis realizedwith the programsuite DAMSEL and
DAMSUP.

A Thealgorithmdefinesa criteriaof similarity, called« NormalizedSpatialDiscrepancy> or NSD, which
measureshe agreemenbetweerany pair of models

A Similar shapesesultsin NSD < 1, very similar shapesNSD®° 0.5

“‘Egg“' S File hver 1 z 3 4 5

,ﬁ_;‘:ﬁa 1 0.5z 0.00 0.51 O0.52 0.50  0.52

SRR Iz 0.5z 0.54 0.00 0O.52 0.49 0,52

SRR 3 0.53 0.5z 0O.52 0.00 0.53 0O.52

‘ 7 N 4 0.5% 0.50 0.49 0.53 0.00 0.54

o %“‘*‘\x@%\( 5 ©0.53 0.5z 0.52 0.52 0.54 0.00
%& Mean walue of N3D : 0.535
’ I% Standard deviation of N3D @ 0.0o08

Shpl Shp2 Shp3 Shp4 Shp5 Damsel.log Damfilt Damaver

(intersection)  (all superimposed)

A Modelsareconservedf its NSD < Meanof NSD + 2* standartdeviation

A Themodelwith the lowestNSD is the shapewhich hasthe mostsimilaritieswith other,and**can**
beregardedasthe mostrepresentativef envelopesn accordancevith the SAXS data

A Be carefulwith damfilt.pbd because . (a) . lexa)

Solution X-ray Scattering from Biological Macromolecules 5th Schoolof SaxsData Analysis, 2016May 2nd i 6th, LNLS, Campinas ©

:::::



NSD values

Chi values from 1.704 to 1.942
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Beiwaa wRaredl & w ohrcdd ®r alb initio shapel determination

1000 N RS R — B—

DAMMIN : shapedetermination
Modelwith uniformdensity

00 N\ —_

1(q)

Fitting datawith approximatey
high angle trend bgubtractinca
constant.

0.1 | | | | |
c 005 01 015 02 025 03

q=4p (sinq ) /AT
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SCLEIL  Ab initio model accounting for high resolution data

DAMMIN/DAMMIF

- very low resolution restrictedportion of the dataused(q < 0.2 A1), very basic
constraints

GASBOR: aproteincomprisingN residuess representethy anensemblef N spheresenterecatthe Ca
positionsthewholeg-rangecanbeused

An initial gaslike distributionof dummyresiduess refinedusing SimulatedAnnelingto fit the dataunder
constraintensuringafinal chainlike distribution

)

e

pRianni sesas]
AOTLL L
Ry

(&%

GASBORbeadsmodel DAMMIF shape High resolutionstructure

D. Svergun et al.( 2001Riophys J., 80, 2946953.

Solution X-ray Scattering from Biological Macromolecules

:::::



