DEIEWAEWAIE
Solution scattering

Marc Malfois — September 2010

. diamond




Scattering

source

So

Path difference: r.s;-r.s, = r (s4-S;)
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Scattering vector

Scattered
ENEE R S,
Length 1/A
Sg 20
\— 5
Y
Length 1/A

s=|s|=2sinB/A s is called the scattering vector
Other notations:

IGL E scattering => s ~26/A .diamond



Scattered amplitude

irg Fourier Transform of the
F(q) = Ne dv
(a) jvr p(1) | electron density p(r)
RN VA | (0) = F(q).F (q)

Ats =05 HOEIWEQL

1(0) = (number of electrons)?
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Scattering intensity

(@)= [, (e aV, |, p(-r)e™dV,

(@)=, [, P(NA(r)e ™ 7dv,dv,

P(R) = L COZRIOME  pair distribution function

B @=], PRE NV Byith R=r-F
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Pair distance distribution
function

p(r) = [ p()p(r +R)AV,

Probability of finding a point
at r from a given point.

D

max
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Experimental setup

Incoming X-ray fe

SENE Z

We want to know the scattering intensity from
the sample of interest (e.g. proteins)

1010919

We have to the solvent/buffer




Contrast of electron density

p e/A3
! Ap(r) = p(r) - po

0=0.43 p AN AR A Electron density of proteins

Particle _
P,=0.334 Electron density of water

Solvent

Very low contrast for proteins in solution
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Contrast of electron density

1(q) = L L Ap(N)ap(r)e T 1dv,dv,

P(R) = [, Ap(N)Ap(r+R)AV,
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Solution of particles

® *
::‘ .‘Q. — ®
Q.Q.Q. o
o0 0
Solution = Motif (Protein) * Lattice
l(c,s) = F(O,s) . S(c,s)
of the particle of the particle
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Solution of particles

Ideality : No intermolecular interactions
Monodispersity : Identical particles

Particle in solution => thermal motion => Particles have

a random orientation/x-ray beam. The sample is isotropic.
Only the of the scattered intensity is

experimentally accessible.

SOBIWYOLA  ~mplitude of 1 particle

Intensity of n particles
In solution
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Debye formula

Sln(rqu) dl’ldl’z
>0

W@ =], |, 20()A0(r,)
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Debye formula

Particle : Discrete sum of elementary
scatterers (Atoms).

()= fi(@f (@™ ™

With f(q) the form factor of the elementary form factor

sinqr;

i,(q) = ZZ fi(q)f;(a)

'J

used for model Calculations.diamond



Intensity at the origin

r,2: 7.95 1026 cm? scattering cross section of the e-
c: concentration of the sample (mg/ml)

d: Thickness of the sample

|- Intensity of the direct beam

V,,: partial specific volume
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Intensity at the origin

Determination of |,

> Well know reference sample (Glassy carbon on 122)
» Scattering by water( O. Glatter)

In case of , It is possible to determine the
molecular weight of the sample by measuring the
scattering of a reference sample (Lysozyme or BSA)
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Guinier Law

1(q) =4[ p(r) 2209y

qr
Taylor series expansion of

sinar) _, _(an)* , @n)° _

qr 3 ol

)d 22
1 (q) = 47zj p(r)dr|1- (q w _|(O){1_q Rg}
j p(r)dr 3

2

2
__9'R




Accuracy of the Guinier law

Valide for gR << 1
but gR,<1.3 in the literature

1 — Guinier law (exponential)

2 — Sphere
3 — Thin disk
4 — long rod

Structure Analysis by Small Angle X-ray
and Neutron Scattering

L.A. Feigin and D.I. Svergun (1987),

Plenum Press.
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Solution of particles

Sphere
Cylinder
Disk
Ellipsoid

Ny

>
=
/)
C
O]
e
=
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C
e
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=
©
O
7))
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Radius of Gyration

L Ap(r)rde R, Is the quadratic mean of distances
to'the centre of mass weighted by the
L Ap(r)aV. contrast of electron density

Rg is an

2
Sphere: Cylinder (D,H) = — H_
8 1

Smallest R, for a given volume

Ellipsoid of revolution (a,b)

2a° +b’
5 .diamond
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Guinier plot

®l Linear regression
1(q)=1(0)e 3 In1(g)=In1(0) - 3 v Slope -> R92

v Intercept -> 1(0)
lleplzgmegl;];;l?;;:l}rtm i - GUINIER _> MW

type = 8
to 156 fidel = 2.88e-2

R, = 15.1A
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It is very unlikely that any considerable
progress will be made in the future.

Andre Guinier on theory of small-angle
scattering (Guinier 1969)
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Pair distribution function

1
(27)°

In theory, very easy calculation

p(r) =

[ 1(@arsin(ar)dg

Problem:
The intensity :
v"only known over gmin-gmax (Detector size)
v affected by experimental errors

= Fourier transform of incomplete and noisy data
IS a ill-posed problem

Nution: Indirect Fourier Transform
.diamond
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Pair distance distribution function

pir), relative
SN

;

) kY
f ' Globular

Y
Y

Bilayer

\ Dimers

I Appl. Cryse. (1992). 25, 495-503

Determination of the Regularization Parameter in Indirect-Transform Methods
Using Perceptual Criteria

By [3. 1. SvERGUN*T
GKSS Research Center, GKS5-WS, 2054 Geesthacht, Germany
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Radius of Gyration and 1(0)

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

This estimate of Rg makes use of the whole scattering curve
And is less sensitive to interactions or to the presence
Of a small fraction of oligomers

Cross-check with the Guinier plot
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GNOM

httpZ//Www.embl-hamburg.de/ExternaIInfo/Research/Sax/gnom.htmI

M gnom45qw.

o —  Input file: ASCI

T an e T it s b i | [l Output file: Ascii but
results appended to

the file

Number of point to omit:

Due to subtraction issues

closed to the beamstop

Or to low concentration

at higher q

Rmax: Maximum distance

of the particle

Here, Rmax=43A

Other parameters, default
19-Aug-2618 Press CR to continue . anits b : . 4 v Va I ueS .
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GNOM

httpZ//Www.embl-hamburg.de/ExternaIInfo/Research/Sax/gnom.htmI

=i DER
e — £ Rg=14. 39A
=525.0
Guinier plot:
Rg=15.1 A
=559.0
P(r):

Smooth at Rmax
*Only positive

Peak maximum
centered

19-Aug-20810 Press CR to continue
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GNOM

httpZ//www.embl—hamburg.de/ExternaIInfo/Research/Sax/gnom.htmI

e §E)

Edit

Total estimate:
Between 0 and 1

B Command Window

1 is the best
solution

.diamond




GNOM

httpZ//Www.embl-hamburg.de/ExternaIInfo/Research/Sax/gnom.htmI

M gnom45qw.

M Graphics Window =l

Rmax = 35A

Input fileCs) : LYZNEW.DAT =xx JOB = @
Real space: Ry = 14.82 . 1@ 8.5125E+@3

r) not smooth
at Rmax

=> Rmax mus
be bigger

19-Aug-2018 Press CR to continue



GNOM

httpZ//Www.embl-hamburg.de/ExternaIInfo/Research/Sax/gnom.htmI

M grom 45w Q@Ef P r

negative a high r

—The particle must
be smaller. Rmax is
likely to be at the
intercept of the p(r)
with the x-axis

B Graphics Window EEE |

Input file(s) = LYZMEW.DAT =< JOB = B
Real space: Rg = 14.17 . @ B.5212E+@:

19-Aug—2618 Press CR to continue



Using crystallographic structure

To validate theoretical model

To analyse similarities/difference in solution and in the
crystal

To build a complex from subunits
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CRYSOL

1@ ={F@f) =(A@-pE@+n,B@f)

A(s): Atomic scattering in vacuum
E(s): Scattering from the excluded volume

B(s): scattering from the hydration shell

,,.-,:' Svergun D.I., Barberato C. & Koch M.H.J. . .
4 (1995) J. Appl. Cryst., 28, 768-773. diamond




CRYSOL

= = |nput file: PDB file

B Graphics Window: Q@X

RGE: 14.24 RGT: 14.68 Uol: 17248. Chi: B8.913

g-range: must be
](c:hecked In the data
le.

Input file: Ascii file

Electron density: to
be calculated if highly
salted buffer, By
default, electronic
denS|ty of water.

.diamond

s=4pi*sin(th)/lanhd.

20-flug-2018 1 Press CR to continue

- Plot the fit [ Y




oB-crystallin domain

lg |, relative

4
CRYSOL Crystallographic

structure of
MjHSP 16.5

W i
M| !:!ll H |an ,|

Feil I.K., Malfois M., Hendle J., van der Zandt H., Svergun D.I.
(2001) .
J. Biol. Chem., 276 (15), 12024-120 diamond




(2)

3)

(4)

Q)

I E (6)

Dimer modellinc

Ig |, relative




DAMMIN/DAMMIF

http://www.embl-hamburg.de/Externalinfo/Research/Sax/dammin.html

*From Dmax determined in GNOM, a sphere
IS created.

*The sphere is filled by dummy atoms.

..,'_;;;,',-'-;:'5553:3‘ 4 *The dummy atoms belong to the protein or
Kouinsoaiecooaielll Delong to the solvent.

*The number of dummy atoms is about 1000

=Can describe complex shape

=No unique shape restoration unless

" ontraints . :
Svergun, D.l. (1999) diamond
Biophys. J. 76, 2879-2886



DAMMIN CONSTRAINTS

http://www.embl-hamburg.de/Externallinfo/Research/Sax/dammin.html

Compact Disconnected

.diamond




DAMMIN/DAMMIF

http://www.embl-hamburg.de/Externallinfo/Research/Sax/dammin.html
EER

M Command Window g@lg‘

Input name: GNOM file

Dmax has to be determined
efore running dammin/dammi

nitial shape
Symetry

Particle shape

.diamon




DAMMIN/DAMMIF

http://www.embl-hamburg.de/Externallnfo/Research/Sax/dammin.htmi

B damminS Jgqw

File Lot wiew Window leip

M Civaphics Wintow

i39 Loz: A.1AB? DiaCag: A @116 feale - A.1A4F-A

1.000
the cur
SEAnt redw

Hinimum oumber of
Mawimum number of

- S
Initinl DAN looseness .......
shnly ueight
acaphs
it iguit alue ...
er of The initinl DAM:

Tririnl
Initial on-prola
Initial DAN non-obls
Weagh
*rr por
Initial
Tririnl
Initial
Initial

RIA 162606 Tnitinl fVal SRR
Tuning the annealing paren

funerin
Initial snnealing temperature .
hnnealing schedule fac

lated snnealing pr

+01 2qgF:
E-nE



DAMMIN/DAMMIF

http://www.embl-hamburg.de/Externallinfo/Research/Sax/dammin.html

Shape restoration: Equivalent to the excluded volume in
CRYSOL

1(q) = <\F(q)\2>g = <\A(q) - psE(Q) +8pbB(q)\2>Q

DAMMIN/DAMMIF take into account the
hydration shell

The atomic scattering in vacuum is subtracted from the
experimental data

A constant is subtracted from the data to force the s
decay of the intensity at higher angles.

— en curve is the curve to be fitted.



DAMMIN/DAMMIF

http://www.embl-hamburg.de/Externallinfo/Research/Sax/dammin.html

B dammin53qw
e Window  Help

: .00235 Los:0.0352 Dis:0.0000 Per: 0.4544 Sca: 0.234E-05
138 Los: @8.0135 DisCog: 8.8808 Scale = B.160E-85 : T: 0.860E-06 Suc: 1519 Eva: 2250539 CPU: 0.109E+04 SgF:
.00182 L0s:0.0350 Dis:0.0000 Per: 0.4535 Sca: 0.233E-05
T: 0.774E-06 Suc: 1515 Eva: 2259543 CPU: 0.110E+04 SgF:
.00152 Los:0.0317 Dis:0.0000 Per: 0.4559 Sca: 0.221E-05
T: D.696E-06 Suc: 1519 Eva: 226890z CPU: 0.111E+04 SqF:
.00176 Los:0.0301 Dis:0.0000 Per: 0.4528 Sca: 0.Z17E-05
T: 0.627E-06 Suc: 1519 Eva: 2279394 CPU: 0.112E+04 SgF:
00089 Los:0.0279 Dis:0.0000 Per: 0.4535 Sca: 0.210E-05
T: 0.564E-06 Suc: 1519 Eva: 2280153 CPU: 0. 113E+04 SgF:
.0008% Los:0.0279 Dis:0.0000 Per: 0.4535 Sca: 0.Z10E-0S5
T: 0O.508E-06 Suc: 1519 Eva: 2302043 CPU: 0.114E+04 SgF:
00183 LoS:0.0258 Dis:0.0000 Per: 0.4530 Sca: 0.203E-05
T: 0.457E-06 Suc: 1518 Eva: 2314725 CPU: 0. 115E+04 SgF:
.00140 Los:0.0236 Dis:0.0000 Per: 0.4528 Sca: 0.200E-05
T: D0.411E-06 Suc: 1509 Eva: 232992z CPU: 0.116E+04 SqgF:
.00110 Los:0.0222 Dis:0.0000 Per: 0.4532 Sca: 0.195E-05
T: 0.370E-06 Suc: 1458 Eva: 2345119 CPU: 0.117E+04 SgF:
.00120 Los:0.0215 Dis:0.0000 Per: 0.4526 Sca: 0.196E-05
T: D.333E-06 Suc: 1243 Eva: 2360316 CPU: 0.118E+04 SoF:
.00103 Los:0.0204 Dis:0.0000 Per: 0.4536 Sca: 0.188E-05
T: 0.300E-06 Suc: 1134 Eva: 2375513 CPU: 0.11SE+04 SoF:
00083 Los:0.01594 Dis:0.0000 Per: 0.4542 Sca: 0.154E-05
0.270E-06 Suc: 1013 Eva: 2380710 CPU: 0.120E+04 SgF:
.00096 Los:0.0186 Dis:0.0000 Per: 0.4539 Sca: 0.181E-05
T: D.Z43E-06 Suc: 819 Eva: 2405907 CPU: 0.122E+04 SgF:
.00083 Los:0.0184 Dis:0.0000 Per: 0.4530 Sca: 0.180E-05
T: 0.218E-06 Suc: 647 Eva: 2421104 CPU: 0.123E+04 SgF:
.00074 Los:0.0176 Dis:0.0000 Per: 0.4539 Sca: 0.179E-05
T: 0.197E-06 Suc: 508 Eva: 2436301 CPU: 0.124E+04 SoF:
.00102 Los:0.0165 Dis:0.0000 Per: 0.4529 Sca: 0.174E-05
T: 0.177E-06 Suc: 351 Eva: 2451498 CPU: 0.12SE+04 SgF:
00079 Los:0.0160 Dis:0.0000 Per: 0.4530 Sca: 0.173E-05
o ®og : T: 0.159E-06 Suc: 380 Eva: 24666595 CPU: 0.126E+04 SgF:
%%Dommﬁgoﬂ ;ﬂb@ 000S8 Ly :0.0157 D :0.0000 P : 0.4533 5 : 0.168E-05
F e paes 637 . 0s:0. is:0. er: O. ca: 0.
o P H T: 0.143E-06 Suc: 275 Eva: 2481892 CPU: 0.128E+04 SgF:
6 0%0 ° : 0.00072 Los:0.0153 Dis:0.0000 Per: 0.4532 Sca: 0.168E-05
: T: 0.129E-06 Suc: 203 Eva: 2487089 CPU: 0.123E+04 SqF:
00080 Los:0.0149 Dis:0.0000 Per: 0.4535 Sca: 0.168E-05
T: 0.116E-06 Suc: 167 Eva: 2512286 CPU: 0.130E+04 SqgF:
.00096 Los:0.0144 Dis:0.0000 Per: 0.4535 Sca: 0.165E-05
T: 0.104E-06 Suc: 124 Eva: 2527483 CPU: 0.131E+04 SgF:
00042 Los:0.0142 Dis:0.0000 Per: 0.4534 Sca: 0.164E-05
T: 0.940E-07 Suc: 69 Eva: 2542680 CPU: 0.132E+04 SqF:
.00062 Los:0.0140 :0.0000 Per: 0.4533 Sca: 0.162E-05
T: 0.546E-07 Suc: 61 Eva: 2557877 CPU: 0.134E+04 SgF:
00037 Los:0.0139 Dis:0.0000 Per: 0.4533 Sca: 0.162E-05
T: D0.76ZE-07 Suc: 51 Eva: 2573074 CPU: 0.135E+04 SqF:
.00037 Los:0.0139 :0.0000 Per: 0.4533 Sca: 0.162E-05
: T: 0.656E-07 Suc: 36 Eva: 2585271 CPU: 0.136E+D4 SqF:
26-Aug—20180  16:49:44 : 0.00045 Los:0.0137 Dis:0.0000 Per: 0.4537 Sca: 0.161E-05
: T: 0.617E-07 Suc: 39 Eva: 2603468 CPU: 0.137E+04 SqgF:
.00045 Los:0.0137 :0.0000 Per: 0.4537 Sca: 0.161E-05
T: 0.555E-07 Suc: 33 Eva: 2618665 CPU: 0.139E+D4 Sqf:
.00055 Los:0.0135 Dis:0.0000 Per: 0.4540 Sca: 0.160E-05
T: 0.500E-07 Suc: 16 Eva: 2633862 CPU: 0.140E+04 SgF:
.00038 Los:0.0135 :0.0000 Per: 0.4538 Sca: 0.160E-05
T: 0.450E-07 Suc: 0 Eva: 2649055 CPU: 0.121E+04 SoF:
.00038 Los:0.0135 :0.0000 Per: 0.4536 Sca: 0.160E-05

Final SQRT(Chi} against

DAMMINS3 finished at  20-Aug-2010  16:49:
Press CR to terminate the program

Running |Input pending in Command Yindow




DAMMIN/DAMMIF

http://www.embl-hamburg.de/Externallinfo/Research/Sax/dammin.html

M massha

Output file: PDB file

Results can be
visualise with MASHA

.diamond
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Experimental Considerations

1 Isouion I ackgroun (q) 1
i (@) = © Vsotution (4) _ ! backgrouna (4)

It

solution Itbackground D (q)

c: concentration (mg/ml)
D(q): Detector response

We measure

» The solution containing the particles of interest
» The background (Cell with the solvent/buffer)

.diamond



Thickness of the sample

The maximum scattering intensity is achieved by selecting the optimal
thickness of the sample.

The scattering intensity can be formulated as: LE{s)Rse de

d: the thickness of the sample
u: linear absorption coefficient

ol _ 1
Optimal thickness  [PllSCIECIE = i = —

The linear absorption coefficient can be calculated
or measured.

Optimal thickness of the sample (water in this case)
as a function of the energy.

9.00 10.00 v 11.00 12.00 13.00 . d ia m O nd

d {mm}




Experiment

Liquid cell or capillaries?
Liquid cell ( )

Capillaries ( )

Capillary thickness

1.00E-01 smaller for the
0.00E+0 1.00E-01 2.00E-01 3.00E-01 4.00E-01 5.00E-01 6.00E-01 sample than for

the buffer

The scattering

of the sample must
be higher or equal

to the scattering of
1.00E-02 the buffer

diamond




Liquid cell or capillaries?

1 (q) oc e_“d

Can be measured by a diode located
In the beamstop

Unknown
For the liquid cell, the thickness is the same for the sample
or for the buffer so there is no need to measure an empty

cell.
The empty capillary for the sample and capillary

for the buffer must be measured

\ .diamond



Experimental Considerations

Sample volume: 0.120ml with liquid cell

Sample volume: 0.05ml with HPLC

. diamond
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