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

e .. n | |
K, ==
Detected : 1(Q) = q=Kk; -k
~ 27, :
ki = 76i
Sample .
Radial average
\C; z g.llllmg/ml 2D detector (isotropic sample)
SAXS provides structural information about macromolecules in solution | (N

 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

« 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 A typical BIoSAXS curve from a protein
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What may solution scattering yield?

I91(s)  2.00 1.00 0.67 0.50 0.33
Resolution, nm
8 _
[ Atomic
6 _
Internal
5 - structure

O 5 10 q , nm'l 15

Solution X-ray Scattering from Biological Macromolecules J. Pérez, EMBO Course, Grenoble, June 2022



SQLEIL BioSAXS data output

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

Pair distribution function p(r) :
- Dmax evaluation

- - Rg (size) and 1(0) compatibility with Guinier approximation
Data analysis - Global shape 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, AlphaFold models
- theorical curves calculation and data comparison

Nothing is known
Molecular - low resolution shape
modellng 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

- « data compatible » models: NOT unique, NOT electronic density map
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SVLEIL BioSAXS data modeling, possible programs

SYNCHROTRON

1) Theorical model or complete atomic structure available
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2) Nothing known (except the curve)

Log{ 1}

3) Structures of subunits available
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http://nar.oxfordjournals.org/content/early/2015/04/15/nar.gkv309.long

SAXS BASICS
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Elastic Thompson scattering by an electron

. d
- What scatter X-rays are the electrons E (d,t)
— 0
= —2{ cos a cos 20 | E eikd-»0)
X-ray incident beam d sin a

k=2rn/X\

0
E(x,t) = (cos 0() E e
- 2
sin @ e ]
y| )= ~=2818 10™m
R 47z ,mC
I, 1S the electron
i ol : flux scattered by one e through a solid angle dQ classical radius

ds = d? 6Q

51, = d25Q||E.(r, )| = 6Q byEy? * P(a)

w’?”@f? 2
1 ol — 72 1 + cos®(20) b, is the electron
0 2 differential scattering cross section
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Scattering amplitude by a particle

Coherent scattering :
summing up amplitudes

« \Waves scattered by two electrons K
1
Electron 1 r
Ei1(d,t) = —— Ege! =00
Electron 2
E.(d,t) = _Qfo’ei(kd—wﬁki-?—ks-?) |
\Jﬁ =k.—k,
Path shift between waves 1 and 2 : K
ki 7-ky7=(ki—ks) T=-qG-7 g = Momentum transfer
! q-[g] - z=nie)
Eq(d,t) = —rge™ 47— Ege!(¢=) %
» The scattered wave by a particle is simply the coherent sum of
the spherical waves scattered by all the electrons of the particle.
—_ - __—’.—’ 3
Particle scattering « amplitude » (length) A(q) = —ro_‘-pe (r)e"'d°r
Vv
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Intensity scattered by a sample — Auto-correlation function

Scattering amplitude A(a) = —ro_“pe (F)e_ia'Fd °r

Scattering intensity per unit volume : 1(Q), usual unit: cm,

- _1 *x _r02 Na—i0h - (v \atiOT A3 A3
(@)= AA (q)—ﬂ Jpe(me p, (r,)e"%drd’r,

ro

1@ =& [ [ (R)p(R)e 1 lalrar,

L 1 - O
Auto-correlation function vy,(r) : Ve (r): \7 j Pe (rl)pe (r + r')d r’
Vv

1(q) = rozjye (r)e“”d r| [The scattered intensity is the Fourier Transform of
the electronic density auto-correlation function
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Particles in a

® Anparticle 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.

IO A
el. A3
; =043 |- -
p, = 0.334

matrix
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Particles inserted in a

« Scattering amplitude ‘ . .
— —

f (q): —rOIAp(F)e“a'Fd3r, g=0
vl |
N

Particles
« Ap(Y) 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

a)= - fla)r (o)
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 g , q = 4= sin(0) /A.

Scattering from a single particle | ( )_ 1 : (_))f *(*)

in solution, averaged over time: ; q)= \7 1 q\ 1;1 o
Modulus Vector

The form factor P(q) is the normalized signature in g—space of a particle in solution.

o)=L,

) rOZVobj2<Ap>2

\\AA Average Electronic Density contrast

Particle volume

P(0) =1
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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 (@)= > 1i(q Z< (a)fi*(a»g

iI=1,N iI=1,N

- Monodisperse |i(q)= |1(C|) Vi
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Solvent scattering and contrast

To obtain scattering solely from the
contrasting  particles, intfrinsic
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.

Iso/ution (q) - Ibuffer' (q) = Iparticles (q)

b_v»
&
« ¢

£
q

PN 4
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Do not confuse !

contrast effect
ol oli)-
o =l Fle a0 1(0)=(1(a)r fa)),

buffer subtraction N " =‘4 P
)

| particles,exp (q) = | solution,exp (q ) — | buffer ,exp (q)
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. (q) 'dea“tjy I(q)

Monodispersity

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

molecule experimental
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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.

==l meea aloj]
L

=101z
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o SE-HPLC / Solution Sampler

© O : Flow rate 250 pl/min | « Monodisperse solution

» Aggregation is eliminated

* Oligomeric conformations can be distinguished
e |« Equilibrium states can be transiently separated

Small molecules | 3 3

o
enter the g

=5 | « Perfect background subtraction

aqueous spaces <] © e

wmbeE - leevso, | Automatic concentration series
miie 155 Size Exclusion Incident X-ray
Flow direction UV-Vis
l in
Pump N i ',/
o . VD 2
Injection-mixing SN Dl (A0 ) SAXS

Flow rate 5-40 pl/min

UV-Vis
out

« Small volumes (~ 10 pl)
* No dilution
* High rate (a few minutes)

—
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BIOPHYSICAL
INFORMATION
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Biophysical information

* Guinier Analysis
» Kratky plot : why Is it so interesting ?

* « Real-space SAXS » : Distance correlation function P(r)
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Biophysical information

* Guinier Analysis
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Asymptotic behaviour at small angles : Guinier law

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

Log{ I,

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

Orsay, France

2 2

1(@)=1(0) exp[‘ : BRg

T T T T 1
0.1 0.2 0.3 0.4 0.5

Extrapolated intensity at origin Radius of gyration

Guinier law, in Log scale :

2

L[t @)]- La1 @] - 158

The Guinier law is equivalent of a linear variation of Ln(I(q)) vs g? (Guinier plot).
Linear regression on the experimental Guinier plot directly provides Rg and 1(0).
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Mass retrieval from Guinier analysis

2 2

1(@)=1(0) exp(‘ : 3R9 W
J/

Absolute Unit : cm!

Classical electron radius

\
Q(Msrozﬁ _ P ) jvrz(ppmt(F)—prf)dF
-4 o el

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

i i 1
(only it f[he Mass concentration For globular proteins : R, (4) ~ 6.5 * M3 ,M in kDa
and specific volume are precisely For unfolded proteins : Ry (4) = 8.05 * M0522

Typically : known ...) Bernado et al. (2009), Biophys. J., 97 (10), 2839-2845.
M (kDa) = (1200 ~ 1600) * 10 (cm) / C (mg/ml)
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ror

Radius of gyration L I‘ZAp(» .
2 _ PN
Rgexp o LAIO(F F

Lysozyme
Useful definitions of R,

oot 2 v - rCOMH by atoms

v

g =0, rr)r’ dr / (\)V r(r)dr by electron density

1 2
2 - .
Rg = m H by atom pairs

R: =4(r°p(r)drl) p(r) dr by pair distribution

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

R, radius of gyration Sphere R = \/E R
Ry hydrodynamic radius (not always > Rg!) g >
Ry mayfimum hard sph.ere radius Thinrod R = /% L
R,, radius of mass-equivalent sphere &

* center of mass of the electron density Thin disk Rg = \/g R ik

Courtesy: Richard Gillilan, Cornell U., USA
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Basic law of reciprocity in scattering

Rotavirus VLP : diameter = 750 A, 44 MDa

Lysozyme

10"~ D, =45 A
14.4 kDa

1(Q)/c

Typical range on beamline SWING
210%<qg<710t Al
750 A> D, 101 | |

3100 A > dpyage> 9 A 0 0.125 0.25 0.38

Q=4z sin® / A (A1)

Long distance correlations <==> modulations at small Q
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Evaluation of the solution properties

Irreversible aggregation

— Useless data: the whole curve is affected

100
100
10|}
* 3.4 mg/ml
* 7 mg/ml 1 Approx. expected curve
T 1
- Z
01}
0.01}
0 000 0002 0003 0.004 0.001 ‘ ‘ ‘ ‘ ‘
2 oo 0 005 01 015 02 025 03
T 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)
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Evaluation of the solution properties

Weak aggregation > possible improvement

centrifugation, buffer change

Nanostar —PR65 protein

200 200
z G
100 | 100 |
90 90 ® .
80 80 *
70 : QR =1.3
I QRg:13 70 g
60 . 60
50 . : : 50 \ \ |
0 0.0005 0.001 0.0015 0.002 0 0.0005 0.001 0.0015 0.002

e ¢ (&
A R, ~ 38 A — too high!! R, - 36 A

(Courtesy D. Durand, IBBMC, Orsay)
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Biophysical information

» Kratky plot : why Is it so interesting ?
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SAXS provides a sensitive means to evaluate the degree of compactness of a protein:

O

O

To determine whether a protein is globular, extended or unfolded

To monitor the folding or unfolding transition of a protein

Kratky Plot

1902-1995
Graz, Austria

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

-3.5 4

Log{ 1}

q2 1(q) versus q

v

0.1

0.2

0.3

04

0.5

101 -
Unfolded
=05
3 Partially unfolded
Folded
0-0
0-0

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

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

Extended polymer chain : increase at large q-values (asymptotic behaviour in I(g)~ ¢q~1*)
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Kratky Plots of folded proteins

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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Dimensionless Kratky Plots of folded proteins

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

For globular structures, DLKPs
fold into the same maximum

The relation Mgy(kDa) ~ (Rg/ 6.5)% only works
for the globular structures, not the elongated

G-Actin

Rg=23.2 Angs, Mass=41.7 kDa
ASNP

Rg=26.0 Angs, Mass=71.4 kDa
ASDG

Rg=35.6 Angs, Mass=146.6 kDa

BCDA3
Rg=51.7 Angs, Mass=144.4 kDa

1.6
1.4 -
1.2 -
S
= 4L
&
~ 08¢
)
@
o 06 -
0.4
0.2 -
0 |
0 2

The maximum value on the dimensionless bell shape tells if the protein is globular.

Solution X-ray Scattering from Biological Macromolecules

J. Pérez, EMBO Course, Grenoble, June 2022



Dimensionless Kratky Plots of (partially) unfolded proteins

Receveur-Bréchot V.and Durand D (2012), Curr. Protein Pept. Sci., 13:55-75. IB5
35 \ | unfolded , Y 5
--------- PolX % ‘
--------- p47 #,' A
3} e )67 .n;"l —
A
S 25|
G
= 21
N
E@
S 15}
11|
1
0.5}
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 : NCS heat unfolding

0.007
ﬂw) 0.006
~ 0.005
T=22°C T=76C o
S’
= 0.004
A In practice, thin Gaussian Q,
chains do not exist. <\5 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-

Solution X-ray Scattering from Biological Macromolecules

T

g |

T

T

T

T

ik

|

IIIIIIIYIIIYYIYYYT]IY

1=61.6"C
— T263.4°C
T=65.1°C
— T7=66.8°C
—T1=68.5°C
T=70.1°C
T=71.9°C

— T=75.4°C
T=76.8°C

—

-

0

A

005 0

015 02 025 03

QA

J. Pérez, EMBO Course, Grenoble, June 2022



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

| coae

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



Biophysical information

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

»

N L

(™

Protein DO

drsphere

p(r) vanishes at r = D, t

The distance distribution function characterises the shape of the particle in real space
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Pair Distribution Function p(r)

0.8 A

P ¥ 101 Marc-André Delsuc:
° ® o :
061 thanks for the python script
[ ]
] ° ]
0.4 ° @ ° 0.8
[ ]
0.2 4 o .
LA ° L)
=] 0.6
L ]
0.0 1 o ° °
[ ]
-0.2 L ] L ] L ]
e L4 o L) 0.4
. . ~
-0.4 °
¥ [ X ] 4
L °
—0.6 ° 0.2+
0.8 ®
=0.85 °
L ]
T T T T T T T T 0.0 T T T T T T T T
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 000 025 050 0.75 100 125 150 175 2.00
2.0
1.0+
154
1.0 0:8
0.5 1 *
Y %
LYY P 4 '.' - [ Sd 0.6 -
0.0 oo v X%
* e o * L]
° * L) e
0.5 4 . 0.4
=t
0.24
=15
-2.0 T T T T T T T 0.0 T T T T T T T
-20 -15 -1.0 -05 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Relation between p(r) and 1(Q)

Intensity is the Fourier Transform |( )_
of self-correlation function y,(r): q4)=

And P(r) = 7ty (1)1

Fourier Transform for

Then : I(q) AT, (Pj o(r) M4’ sm(qr) dr Isotropic samples
qr
: r’ sin(qr
And : p(r)_ J‘ 2'( ) | (q )
27°QT,

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 [Gpindmax] 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,,,,.

Prof. Otto Glatter
Guinier Prize 2012

* D, IS proposed by the user Graz, Austria
* p(r) is expressed over [0, Dy, by a linear combination of orthogonal functions

M
ptheoret (r) — Z Cn(Dn (r)
1

« 1(q) is calculated by Fourier Transform of picoret(l)

D
a sin(g-r)
I (q) — 47T r j ptheoret(r) d
0 q-r
Svergun (1988) : program "GNOM™
M ~ 30 - 100 = ill-posed LSQ = regularisation method or-Dmitn Svergun

+ "Perceptual criteria" : smoothness, stability, absence of systematic deviatiGfig" e
« Each criterium has a predefined weight
 The solution is given a score calculated by comparison with « ideal values »

Solution X-ray Scattering from Biological Macromolecules J. Pérez, EMBO Course, Grenoble, June 2022



Distance Distribution Function

Experimental examples

Solution X-ray Scattering from Biological Macromolecules

Heat denaturation of Neocarzinostatin

T =/
T=22°C T=76°C
Pérez et al., J. Mol. Biol. (2001) 308, 721-743
S e Bl e e e
[
T=61.6°C —T=70.1°C
0.004- ——T7=634°C ——T=71.9°C |
——T=65.1°C
—— T=66.8°C T=754°C |
0.003- ~——T=68.5°C T=76.8°C .
=
o d
0.002} ¢ j
0.001 | L ]
0 20 40_50 € 70 80
TC)
0‘ - r— o ,A,,.,‘IV-J
0 80 100 120

r(A)
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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

0 I I I
0 30 100 150 200 250

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
€2> BCDA3-ATP.dat
€3> CDA2_mod.dat
(4> Di.dat

¢5> actin_lat.dat

Complexes Radius of gyration Maximum diameter
M/ 75.5R 285 &
\’/ 55.5 & 210 &
\’/ 3894 1304
Q_ 25A 75 A
‘ 23.1A 70 A

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

PR) KindABCD-A4 P(R) BCD-A3 P(R) CD-A2 P(R) D1-A1
‘; "\. - { 1’
-l f AN
#' ™ -
} -.\‘ - ;‘
‘I‘. ‘.\‘.\. “.. /
/ Dmax =285 ™. - Dmax = 210 . Dmax = 130 ) Dmax = 75
| rinA rinA
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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 :

2
Ry =

Drnax 5
L r“p(r)dr

Dmax
2_[0 p(r)dr

This alternative estimate of R, makes use of the whole scattering curve, and is less

and

1(0) =47 rechjoD p(r)dr

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



o Set-up for BioSAXS at beamline SWING
e . B\« | |
Experimental Hutch S Optical Hutch

Tunnel under vacuum with X,Yand Z
X-rays detector motorized table

SAXS cel vacuum

SEC-HPLC device SEC-SAXS chamber Details of the SAXS cell Quartz capillary
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file://FILER-EXP/Experiences/PEREZ/Rapport2008/HPLC 010.MOV

Set-up for BioSAXS at Beamline SWING
; P SULEIL

@) O : G. David and J. Pérez (2009), J. Appl. Cryst SYNCHROTRON

A/ l\

rlnmdent

Details of the BioSAXS cell Quartz capillary
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SOULEIL Bio-SAXS schematics A

SYNCHROTRON @)

v oV |

Sl vl | MALLS detector
‘o 44 | (18 angles+QELS)
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: QW0 9%,
¥e Ei 93
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v oo | Resssmmmmnm
4 T

—>[ RI detector J

ga&psl?s for SEC- ‘ ‘ UV detector
loul (>20m9/m|) 1.0 Flow direction Flow direction (8 WavelengthS)
80 ul for 1
(>1.0mg/ml) I I

Automated process for injection and detection (passerelle GUI):
- Automated injection for both Batch and SEC-SAXS
- Users just need to define a list of: Sample names, Rack

Samples for BATCH- Positions, Volumes and Column circuits

ton oima/mhioso -~ Multiple injections for both Batch and SEC-SAXS can be
lljl forTEO.lSmg'/m]lu) programmed

p:issamcglle. T 46 proteins recorded using only SEC-SAXS in 21 hours.
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HPLC — MALLS/OELS - SAXS — Rl online
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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 %).

(DO
S—

Incoming flux
* Buffer

« 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) ) Ibuffer (q) & e
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Calibration of the set-up using water scattering

iquid scattering (theory): 1(q) = constant at smallq =r,"Z%p,” -kTx;

lh20theory = 0.0163 cmrt Molecular density Isothermic compressibility
¥
primus El@l&‘ CD
B e - LB Water is used as primary reference
to get the absolute intensity scale
6.8 _log 1 (1> Water_2s_sub.dat J

D:~Actionjava_1 . 3~UTILISATEURS\pourhplc:\DATA_1D
26—Sep—28088 11:16:28

Finished [Input pending in Graphics Window

- For any sample in that capillary :

Solution X-ray Scattering from Biological Macromolecules

«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
IH20,exp = Kexp* IHZO,theory

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

Itheory(cm-l) = Iexp / I(exp = Iexp /2.56
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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
I(g)= =22
() Ve

()

AN, 1 D?

N, T-e PxSijze? | *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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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
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Merge low ¢ (@ low q) and high ¢ (@ high q) curves

File Tools AutoRg AwerAsc Gnom Peak Axis Mar2D Detector Oligomer Mixkure SvdPlot Bodies Save_data Help  Wersion 3.0

PLOT

1> Sub_YH_2@gL_29_protein_radl28_3262.dat
€2> Sub_YH_20gL_31_Protein_radi28_4264.dat

—4.8

x|

Active Toggle| FlleName Range| Units nBea [ Sy nend  Conc Mulipiss
T el e e e e
43 Seeat [ [T |1_:Il s | [low  [looo
84| |—m||1_:|| |1_:II aassj‘ W 1.000
I |
T Y s | = ) = N L
2 T Y O N = 0 e
TN ﬁllw_j |1_j aaﬁsﬁ E
a8 l—ﬁHT—j [ = e [lom— [fom
el [T st | [T [ = ww s [l [lm
Coen| [T Seket| [T [T [ [low [0
w2 |—ﬂ”1_jl1_j saaaj T

Sosplof Worga | Subost| Divest| ZerCond Sode | Forod | Red | Fiooeed| Finis

Range for platting: from |1 1o [9333 Fullrange [
| out| select | [T [T [os9 = [fow0 1.000

EREERRRRERRN

lear

|i

E

L[

)
=z
)
&
=
5
@

—1@8.6C

Working directory: Y:\ZEIDEIEIEEIT\puhllshed—dst.a\TruanDec:ZD1EI\Trusnﬁzﬁizgibls\
File to he cpened: Sub_YH_20gL_25_protein_radizs_326Z.dat
Working directory: Y:\ZDDQDED?\puhllShEddetB\TIuBnDECZDlD\T[uEn73E|7317b13\
File to he opened: Sub_YH_20gl_31_Protein_radlzs_s264.dat
Plot: view experimental data

Running |Input pending in Graphics Window
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The common

PRIMUS: merging data

=18

Flle Tooks AutoRg Averdsc Gnom Pesk Axis MarzD Detsctor Olgomer Miturs SvdPlot Bodies Save_data Help Yersion 3.0
Ml Graphics Window o =] [ |

PLOT
log I

1> Sub_YH_2@gL_31_Protein_radl28_4264.dat
€2> Sub_YH_2@gL_29 protein_radl28_3262.dat

Data processing x|

Aciive Taggle] FlleName Range| Units  rBeg [ Syn nend  Conc Wilipliss
pmlm ﬂllw_j‘mﬂ :ll lﬁ:jll 1.000 0.2282
pﬂlmwlw_jlw_j waujw 1000
SO T = = =N

iy select | [ [ = [ = [Too 1.000

=

range should be .. ” | fT— ()

as restricted as

possible to avoid

adding noise

rﬂl—ﬂ”w_jlw_j 9999::'1 ,W 1.000
l‘ﬂll—ﬂw_:”‘—j [esea =] [i.oo0 000
Fﬂll—ﬂll‘_jl‘_:n' EDSHED 7.000
Fal [ e[ Ao [

anl[ | [ 2 [
w12 Select |1_:|| T ] [row
Adijust el Flat HESEWEﬂ Clear
d df Rod | Reserved| Finish
| ‘ ‘ | | Plot Range
_g.@=

8.18 B8.20 a.38 8.48 8.58
8

25-Feb—2811 18:89:31

Plot: view experimental data
Merge: manipulation with data
Plot: view experimental data

Nerqe: antpuiasion sith daca scale
Plot: view experimental data

Running [Input pending in Graphics Window
Aoimaner| (3 B WO 5@ FHE O )sEspator ., o| @4 nternet Bxpl... - ] Cable sric netto...| B Rapporttrdoc ... | [2] chi_ave_pompe.. | [E]6 Mirosortpa.., -| T 1s8_perpdt A, | [§B] primus |[E pataprocessing. @ [#(@ 16:09
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PRIMUS: final merged curve

5%

File Tools AutoRg AverAsc Gnom Peak Axis MarzD Detector Oligomer Mixkure SvdPlot  Bodies Sawe_data Help  Yersion 3.0

M Graphics Window =10l
PLOT
log I
-9 (1> Sub_¥YH_20gL_31_Prote in_rad128_4264.dat
(2) Sub_YH_2BgL_29_protein_rad128_3262.dat
(3) MergeBB.dat
] x
=58 Active Toggle] FlleName Renge| Units nBeg [~ Sy nEnd  Cone Mulplier
Fﬂl Sub_vH_ 20 Select ,1_j 100 j Wj 1.000 02273
W #2][SubH2D | Sekeot |1_:|| |1_:|| 130 j W 1.000
- 43| Select ,1_j |1_j asssj 1.000 1.000
o.8F a4 Seeot | [ [ ] [r9w = [rooe | [roo0
- _#5] Select ,1_j |1_j @j 1.000 1000
46| scket [ [T =[] [os3s =] [1o0 1.000
47| St | [T [T = [389 = [ta0n 1000
EX 4] Mh_jh_j waw =] [1.000 .00
Pl e | [ 2 [
- #1of Select | [1 j|1_j Hﬂﬂﬂj 1.000
(I Select |1_j |1_j asssjl 1.000
.0 r#2 Select |1_:|| [ = [Em] [0 1000
acl Divide SamBu!l Adjust | Guinier|  Flat HeSEWEﬂ Clear
: Divest ZEn:on5| Scals | Pood | Rod | Ressrved| Finish
) ) ) ) ) ot |1 to 9993 Fulliange T~ Flat Range

a.1@ 0.28 8.38 .40 aéw T ey Select ,1_:”1_:II 1065 j 1.000 1.000

25-Feb—2@11 18:17:16 A

Il Command Window

Nerge: manipulation with data
Plot: view experimental data
Merge: manipulation with data

Merge: manipulation with data

Running [Input pending in Graphics Window
Foemaner| (3 B @O @ EEC > 8 Expraew ... +| &4 Intemet Expl... -] ) Gible série nctto. . | B Rapportb.doc .. | (2] chi_sve_potpe... | [E]6 Microsoft po... <] T 158 ps7.pck - A | [ primus | pataprocessna @| (@ 1017

Solution X-ray Scattering from Biological Macromolecules J. Pérez, EMBO Course, Grenoble, June 2022



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 absoprti t 280 Foxtrot progra
elution profile, monitore apsoprtion a nm w0
prot y P © SOLEIL
mAU §
1000 = It\ 30 ... 0.0002
800 | "\.\
400 - 2 |\
] ®
202 E | _)E_J \\,,_ A0 10024
- T 0 Rg
- - - [ 5.00e5
Elution time (minutes) #W_./
-10 RI 1 Iﬂ 1 ‘ﬁ 7'" 7‘5 3:1 .?;i A:W 4‘5 5;1 ﬁ;—'\ F\;1 H;i 7'n ?fﬁ Hln RS an a5 o
Frame number ( ~ time)
Comparison between HPLC-purified and Direct injection curves Ilz_ltc'glgg Ithe HPLC-purified experimental curve with the crystal structure
) {1> ASNP.dat ™
2> FISNP;‘[;—'?sth;rnnc.dat _4 é

ASNP with HPLC E

Rg=257A 1
-4.5 -

0.Rgmin = 0.657 / 9.Rgmay = 1.09 1
et ASNP direct injection - 7 HPLC-purified experimental curve
| Rg=29.1A . Curve calculated from crystal structure
9.Rgmin = 0.659/ 0.RYay = 1.19 55 7
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Unwanted Radiation effects

Data collection without circulating the solution —— 9124015 isestim_00_00
1(0)_p124_015_1stest_im_01_00
———1(g)_p124_014_2stest_im_00_00 — I(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 f—— 0,8 ‘ T
07 1 ! 1 0,7 t —— 1(q)_p124_015_1stest_im_05_00 1
! —1(q)_p124_014_2stest_im_04_00 - Ifg§72124701571;22{7::706700
o pio4 o4 retest-m-01-00 087 ] 06 1 ——— I(a)_p124_015_istest_im_07_00 ]
10 ——— I(q)_p124_014_2stest_im_02_00 J——— 05 | ———1(g)_p124_014_2stest_im_07_00 ] 05 —1(9)_p124_015_1stest_im_08_00 1
———1(g)_p124_014_2stest_im_08_00 ‘ ‘ ‘
— 1(q)_p124_014_2stest_im_04_00 . . .
04 1 04 : : :
I(q)_p124_014_2stest_im_07_00
——— I(q)_p124_014_2stest_im_08_00 - - .
0,3 r 0,3t - - q
: P 1s irradiation
s Irradiation ; ; ;
\ 0,2 0,2 -
) =
——
0,1 r‘///
\j N
01 - P L e
0,09 0,09 | : :
0,01 0,08 — 0.08 ‘ .
0 ot 02 03 04 05 06 0 0,02 0,04 0,06 0 0,02 0,04 0,06 0,08 0,1
A-1
q(a-1) a(A-1) QA
0,07 70
- 10 10
+ 1{0) Buffer1 LRGSR
0.0 . |{o}s:ﬁ::z __;-.'“'"'-‘ 60 . Buffer 1 . Buffer 2
[0 [0
# 'S T
Z o008 0 g : 1 I(q) Peallv( start (1000 sec) : 1 I(q) Peallv( start (1000 sec)
3 - E. :‘i | i LC ) ! :‘i 1 i LC ) !
=y Fx £
2 004 S L W0 o & 2
2 oy d it 0 0 _el
£ TN e 3 § 01 s 04
5 0,03 % \.J‘,-\-" 30 § < N < Ny, Pérez J., Vachette P. (2017)
E s 2 o In: Biological Small Angle
002 t A 2 - B = Y Scattering: Techniques,
’ > £ 0.0 £ 001 Strategies and Tips.
7 . @ o @ . Advances in Experimental
0,01 | ! 10 Ny SR "o et - Medicine and Biology, vol
. N g ‘ ’ 1009. Springer, Singapore
..-J:. 0.001 0.001
0 dommmsigls —— 0 0 0.05 01 015 0.2 0.25 0.3 0.35 0.4 0 0.05 01 015 0.2 0.25 0.3 0.35 0.4
950 1000 1050 1100 1150 1200 1250 . .
q=4nsin0/A(A") q=4nsin0/% (A"

Elution time (s)
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At this stage

We have gone from SRR —




Now, we have to go from

1(9)

vv“““m
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MODELLING
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Slide slightly modified from Dmitri Svergun, EMBL Harr:bur'g
Solvent scattering and contrast

o O
& @7'
..b — — ‘@

s ® " e ©

Isolution(S) Isolvent (S) | particle(s)

To obtain scattering from the particles, solvent
scattering must be subtracted to yield the effective
density distribution Ap(r) = p(r) - py, Where p, is the
scattering density of the solvent.

Further, the bound solvent density may differ from
that of the bulk.
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SULEIL  CRYSOL: from atomic coordinates to a SAXS curve

SYNCHROTRON

2
I =(|A_(G)—-p_ A () + g WA
th(q) <‘ a(q) Ps S(q) é)bbAb(q)‘ >Q A,(q) = scattering amplitude from excluded volume %zﬁ

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

In CRYSOL program, in order to gain computing time, 1(q) is developed in a series of Bessel functions and
spherical harmonics :

Icalc (q) - Z Z‘Alm (q) _IOOCIm (q)+ 5pBIm (Q)‘2

1=0 m=-1

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

discrepancy ¥ :
- 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

Zz — 1 i IeXp (qi)_scale* Icalc (q|)
N -1 i=1 Gexp (ql)

Svergun , Barberato & koch (1995), J. Appl. Cryst., 28, 768
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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=4nr(sin B)/A, Al
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SWLEIL 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 = Dmax/2 with N scattered beads (r, << R)
The number of the “dummy atom” N = (R/r,)3

Each sphere 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 L F(X) = 22[1 (@) 1(@, X) ]+ aP(X)

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

2 — 1 ZN: Iexp(qi)_scale*lcalc(qi)
N-1 i=1 Gexp (q|)

Ve

After k iterations

D. I. Svergun, M. Kozin, M. Petouskhov, V. Wolkov (1999). Biophys J. 2879-2886.
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SWLEIL 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) =27 [e(5), 1(s, 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

File Awver 1 2
0.52 0.00 0.51

.52

. 50

52

=y

.39

52

1
Iz 0.5z 0.51 0.00
i 0.53 0.52 0.52
4 0.53 0.50 0.49
5 0.53 0.5z 0.52

O O Ojogo

.00
.53
.52

.53
.o
.54

O O Ojoo

O O Ojoo

.52
.54
.0a

Mean wvalue of N3D

3tandard deviation of N3D :

0.535
0.00s

Shpl Damsel.log

* 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.pdb because l,qg(q) # lexp(Q)

Solution X-ray Scattering from Biological Macromolecules
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(intfersection) (all superimposed)



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

1(a)

0.1

| | | | |
0 005 01 015 0.2 025 0.3
q= 4m (sin@)/A A™

J. Pérez, EMBO Course, Grenoble, June 2022



SULEIL  SASREF: 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 of each subunit with a correct 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 each subunit

2

1(S) =

K —
Z A(k)(S)
k=1

Q

A (S) =exp(i-SF)] [ (@ Ber)ICW(S)]

The amplitude are calculated with CRYSOL from the high resolution structure of each monomer

The algorithm of minimization is the same used with DAMMIN with a penalty function (interconnectivity of the
subunits, the steric clashes) and possibility to give information about contacting residues from other experiences.

f (X) = ZZiZ + adist I:)dist (X)+:Bcross Pcross(x)+7/cont Pcont(X)

Petoukhov & Svergun (2005). Biophys. J., 89, 1237-1250.
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DADIMODO : All-atom rigid body + linkers refinement vs. SAXS / NMR data
Collab : Christina Sizun & Francois Bontems (ICSN, Gif sur Yvette))
F. Mareuil, et al. (2007) Eur Biophys J.
Evrard et al. (2011), J. Appl. Cryst.

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)

A e

Experimental data:

* SAXS e( 5’*

* NMR @ é( J
RDC

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

Optimisation of the structure via a genetic algorithm
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Dadimodo: refining domain orientations

SULEIL

SYNCHROTRON
: SIINE
Full atom Pdb https://dadimodo.synchrotron-soleil.fr
file + oudenko O., Thureau A. & Pérez J., March 2018 '
rigid domains " e DRSS =

definition

Thanks to report bugs to the DADIMODO Development Team.
(Liste-EXP-dadimodo.at synchrotron-soleil fr)

Origins and Dependencies

Saxs curve

Petrella et al., 2019, Structure, in press
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Log i{q) (em™)
SE-01
SEQ2
SE-03
* l{q) Exp

| amw|(q) Start Model
SE-O4
sim v - - - v v v v - - " - -

0.00 0.05 0.10 0.15 0.20 0.25 0.30‘I (A")




Memprot : a

SWLEIL

SYNCHROTRON

2(ble+ 1) +a

(a)

Berthaud et al. (2012), JACS,
10080-10088

Solution X-ray Scattering from Biological Macromolecules

program to generate & optimize a detergent
corona model

Pérez J. & Koutsioubas, A. (2014). Acta Cryst.D70

Algorithm of the Memprot program. The program essentially creates
PDB files with the models made of the full-atom protein structure and the
parameterized coarse-grained detergent corona, and CRYSOL is called
to calculate the SAXS curves. An overall sorting on the x value 1s
performed to keep the best model.

Ll : ® experimental curve
circular model
__ elliptical model

-1

Intensity (cm )

10 3

10 F

134 (24),

10-7 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.2
-1
QA
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A FEW CONCLUSIONS

« Ascattering pattern can be accurately calculated from atomic
coordinates, thereby providing a link between high resolution and
BioSAXS work.

« Using SAXS patterns, ab initio methods can propose possible shapes of
a macromolecule

« Based on all-atom partial structural information, stochastic
algorithms may provide possible models for missing regions

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

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