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Small angle scattering and diffraction
with pulsed reactor neutrons
in structural biophysics

Norbert Kucerka

Frank Laboratory of Neutron Physics
at Joint Institute for Nuclear Research in Dubna
Faculty of Pharmacy, Comenius University Bratislava

16th Central European Training School and Workshop on Neutron Techniques
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Discovery and Utilization of X-rays
* 1895 — Wilhelm Rontgen — discovery of X-rays
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1920’s
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Achievements with X-rays 1950’s

e 1944 — Vladimir Veksler — invention of synchrotron
7.1 A.1 Rosalind Franklin’s and Maurice Wilkins’ investigation of DNA N y

==
||

structure by X-ray diffraction AT TR sonnge ring
Rosalind Franklin (1950’s) James Watson & Francis Crick (1953)
* Worked with Maurice Wilkins * Discovered the double helix
* X-ray crystallography = images by building models to
of DNA conform to Franklin’s X-ray A

station

* Provided measurements on data and Chargaff’s Rules.

chemistry of DNA

(a) Rosalind Frankiin (b) Franklin's X-ray diffraction
photograph of DNA

»ar

Veksler V.I. and MacMmiIIanE. in Dubna (1963)



JOINT INSTITUTE
FOR NUCLEAR RESEARCH

Achievements with High-flux Facilities
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2000’s

Access to synchrotron radiation has also contributed to discoveries for which the Nobel prize was awarded. One
of them was in chemistry for the research on the structure and function of the ribosome.

Scientists explained what ribosomes look like and how they function at the atomic level, which has a crucial

meaning to understand scientific foundations of life.

w ‘s’

e 2009 - Ada Yonath sent X-rays through ribosome

crystals that revealed the secrets of the ribosome (&

l(}

i)

o

S

LIA2

Structure
of the 30S _
ribosomal
subunit

W5y ‘ N5 Regional
N 1 3 ol Insight
N =" % ? ~

Electrochemical
pnxluc!inn of
Hanium

Chemists join

theaction

A good career
move?

new journals review
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Further Achievements born by Diffraction 2017

* High resolution images from cryo-electron microscopy

-
=
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E
@
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=
@
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phases

crystal

diffraction
pattern

electron
density map

atomic

» model

“For the greatest benefit to mankind”
1904-1 N, T Y

JacQues Dubochet
Joachim Frank
Richard Henderson

“for developing cryo-electron microscopy for the high-resolution structure
determination of biomolecules in solution”

© Nobelprize.org
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Protein Structure by Prediction THE NOBEL PRIZE 2024
IN CHEMISTRY 2024

e Computational prediction of 3D protein structures

payauwi|3 sepjiN isuoyel

John M.
Hassabis Jumper
“for computational “for protein structure prediction”
protein design”

THE ROYAL SWEDISH ACADEMY OF SCIENCES

The first de novo designed
protein, Top7, created in

David Baker's lab in 2003, : s ; - ;

m;:?kedz g::alfth:gugh in 1st de novo designed 1st in silico designed SARS-CoV-2 In silico designed

protein design antiviral protein self-assembling miniprotein extendable protein
against influenza protein nanoparticle inhibitors nanofibers

2003 2011 2016 2020 2023
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Neutrons for Life Sciences

1 025

Free electron laser? == 0O
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1 9‘00 1950 2000
Year

. Als-Nielsen, D. McMorrow, Wiley (2001)

X-ray sources
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Neutron’s sensitivity to H/D provide unique info
on protein chemical state (protonation), its
solvent accessibility, and H-bond networks

Neutron sources

1E+18
IBR-2 USSNS ¢ Ess,
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= ol —&5.- [ Jeram
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T . KENS At~ 5"@:& l --------
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p- ','l CP-2 L
- ’ brage
g CP-1
< Fission reactors
1E+06 Berkeley37inchcydoron —————— "
4 o o Pulsed reactors
+ Particle driven, cw
+/  0,35mCi Ra-Be source o Particle drvn. pulsed
1E+03 trendline reactors
- - - trendline part.drvn. (av)
" = = trendline peak flux
. Chadwick
1E+00 e : . . Year . . . &
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

2020

Report of a technical meeting in Vienna, TAEA-TECDOC-1439 (2005)

Chen et al. PNAS 109, 2012
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Discovery and Utlllzatnon of Neutrons 1960’s
& “It mlght weII be said that, if the neutron did

When the neutrons

collide with atoms inthe - 3-ax is spectrometer with ~ |
sample material, thay rot atable crystals and ,.D
change direction {are Q‘ Research ri rot atable sample . Lp
scatt ered) = elasti .
Emtt::nl;. == - Q &j ,_(D Ty D Changes inthe
= ;_i & Awmsin L AEL F b enargy of the
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i Aut gj o9 ey Atomsina 7 i (;) analysed in an
u) Q ,__j 1, AK/?; | 2 crystalline salnpla k-l,}m.{ﬁ ’tf analyser crystal...
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Neutrons show Neutrons show
where atoms are what atoms do

Structure |Dynamics

- The Nobel Prize in Physics 1994 - B.N. Brockhouse Ng&

2-3 neutrons
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Advances in Neutron Sources Development

* 1942 — Enrico Fermi — the first artificial nuclear reactor Chicago Pile-1
* 1950-1954 — Ernest O. Lawrence — the first spallation source Materials Testing Accelerator
e 1955 — Dimitry I. Blokhintsev — the idea of pulsed reactor
* 1960-1968-2001 — llya M. Frank P g Fyodor L. Shapiro — the pulsed reactor IBR, IBR-30
+ 1984-2010-204x — IBR-2, [BR-2M Para”‘/emrs S
: o iy e
—

Main movable reflector

SNS (2006)
Oak Ridge, TN

),.
Chalk River, ON

Auxiliary movable reflector

\LB°PFRANK LABORATORY
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1980’s

e
Average power, MWW 2
Burst power, MW 1850
Fuel PuO:z

l Number of fuel assemblies 69
Maximum bumup, % 9

« Pulse repetition rate, Hz 5:10
Pulse half-width, ps:
fast neutrons 240
thermal neutrons 320
Rotation rate, rev/min:
main reflector 600
auxiliary reflector 300
MMR and AMR material nickel + steel
MR service life, hours 55000
Background, % 75

Thermal neutron flux density from the
surface of the moderator
- time average
- burst maximum

~1013 n/cm?s
~101® n/cm?s

p- 11
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lal=q=4Tsin3

Monochromatizating vs. Time-Of-Flight y Sin5

Continuous sources Pulsed sources
* velocity selectors (acceptance ~10%) e choppers in time-of-flight method

* monochromators (acceptance ~1% to 0.1%)
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Advantages of Neutrons

- Magnetic Moment: | ==> the world smallest magnetometer

Crystal and Magnetic Structures of Novel Materials

Crystal and magnetic structures of Cr,O; - one of the first discovered magnetoelectric

' materials with ferroelectric polarization induced
o by external magnetic field
7] ° . . a b
= \' é i
£ 2 4000 é é? %é é
*g 500 P=-;.6GPa=. ;‘ AEM % # # é?
£ 400} 7K i LA 1‘, 1 < 2000 | f
200 '—ﬁ.z %J'l ;‘ 20 25 30 :;‘:5 40 4.5 | | * oo > * é |
v A\ o -
100 Wlﬂlﬂhﬁfm |{|| =i e b o 0 'f\"‘)'ff’f‘""R’J%V’Ifﬂ%h‘w“"‘,l"{ﬂ“wL#M,JH' y *? é
0 bl sl . : ; ; : < _
10 15 20 25 30 35 40 45 20 —gve el o o0l . c # # é# #

N.O.Golosova et al., J. of Alloys and Compounds (2017) -7 | p. 13
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Advantages of Neutrons walks into @
For you,

A neutron :
Bartender replies:

- Charge: no charge -

H‘*.. 0.5M Fez03 SBALS exp.  « ]
0 M\x\ﬁ
17 .';:‘ iy ]

0.001

ot
q(AT)
total SANS scattering = regular matrix + polydisperse spheres

001

1(q) = KcS(@QIF(@1* + Ks| Fs(@)1* + 14(q) + I

* pores - size & mutual distance
¢ NPs - size distribution & concentration

W
.

/ SANS experiments at YuMO \
S g 1R S " 0.0iMFe;03SBAIS exp. =
LS AT R 1008% s 0.1M Fes03 SBALS exp. =

L) '
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g how much for a beer.

Sheldon Cooper
==> deep penetration into matter

Material
Periodic nanoporous silica

 perfect regular structure

* biocompatibility

 thermal stability and durability
* high specific surface

bar and askK

p. 14
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Advantages of Neutrons

. ==> sensitivity to light elements
e Scattering Power:

==> sensitivity to isotope exchange

Neutron contrast variation can be done without changing the chemical
properties of the system, because the neutron scattering lengths of isotopes
can be very different.

SLD random non-random
(CD2)n - lipid mixing lipid mixing

/7

2 ways to increase contrast
o

low contrast \> o

® (CH2)o—

medium-

ASLD =0 ASLD # 0

P- 15
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Lipid Rafts by Neutron Scattering

Neutron scattering (via selective deuteration)

is sensitive to nanometer-sized domains,
previously not accessible by other methods.

SLD random non-random
(CD2)n— lipid mixing lipid mixing
medium-
ASLD =0 ASLD =0
(CH2),— 7

I'nP
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10

Ifa.u)]

0.02

q[A"]

0.04

The study of complex membrane models, including functional domains,
helps to further our understanding of how the cell may regulate critical

biological process via the composition of lipid bilayers.

Heberle, Petruzielo, Pan, Drazba, Kucerka, Standaert, Feigenson, Katsaras JACS 135 (2013)



2l
. JOINT INSTITUTE %’PFRANK LABORATORY

FOR NUCLEAR RESEARCH OF NEUTRON PHYSICS

Outline

Historical Overview

Sources and Properties of Neutrons

Principles of Small-Angle Scattering

Analysis of Small Angle Scattering Data + Examples
Principles of Small Angle Diffraction

Analysis of Small Angle Diffraction Data + Examples




S o 3

N .' TS
&
JOINT INSTITUTE ‘\{g‘PFRANK LABORATORY

4) FOR NUCLEAR RESEARCH OF NEUTRON PHYSICS

Small Angle Scattering/Diffraction (SAS/D)

- radiation (e.g. neutrons, X-rays, light) is elastically scattered by a sample and the resulting scattering
pattern is analysed to provide details on the size, shape and location of components within the
sample

- Qrange is usually between 0.003 and 0.6 A-1 — providing a wide range of length scales (~10 to 2,000 A)

- powerful tool for investigating the average structure of the entire ensemble of particles in solution
(biologically relevant environment)

- the studied structures @ ®
can either be isotropic (SAS) |@

- type of the sample, sample environment and the information that can ultimately be obtained depend
on the nature of the radiation, however different radiations often provide complementary results



o9, FI'nP
, JOINT INSTITUTE \LB. RNk L

sa@uen) FOR NUCLEAR RESEARCH OF NEUTRON PHYSICS

Scattering Principles — Geometry READY FORA ¢
A , - »
Scattering vector, q Qu Iz
_q=41.in0
l[al=a=""sin;

Tvv\oways to get small scattering vectors:

R 1.) large wavelengths A

9_.R

/ 2.) small angles Sln2 )

W -

D (sample-to-detector)

>
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Scattering Principles — TOF SANS Instrument READY FOR A

Quiz?

_q-4T1T<in0
=(J=--SIN=
l[alFa=""sin;
Two ways to vary scattering vector:
1.) through angles 6 = TAS

ht
B m(L; + L,) 2.) through wavelengths A = TOF

muv
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Scattering Principles — SAS Intensity

A

Beam area

m_e?sur_etd | (@) =1lc-Q,-¢-T- .A -t on the sample
intensi
at q (or G); / / I Path length
Flux — Solid 5 i tor Differential
angle efficiency/Sample  cross-section

transmission

number of neutrons scattered per second into a solid
d?c(Q),E)_ angle dQ with the final energy between E and E+dE

dQdE neutron flux of the incident beam < dQdE

For (quasi-)Elastic Scattering we assume no energy transfer [time'1]

/
do ¢ d?c number of neutrons scattered per second into dQ)

—_— E =
dQ ) dQdE d neutron flux of the incident beaﬂ- dQ [area]

[time-'area]

NG \ ;ﬁ‘*’ N
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SAS Data Factorization Vv
2 .,
PRI P S
) |2~ orientational |
( )V _1 Zzbi <eiﬁ-(ﬁk+§i)> average o N particles
K 1
dG 1 hl iG-R . iG-% ’ . .
(S = (2o JAPGRHe™ )dVy | 5 Ap()=p(F)—ps
k

(j_g)v = square of amplitude o
P@ HF@ = [ ApR)e ™ dV,

Inter-particle structure factor

p. 24
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Model-Independent Analysis (dilute system: S(q)=1)
(3, =N e o]
SOXAY

Assume a centro-symmetric particle with homogeneous p

2
do N .o 2 N q-1)°
(—)y = —‘Apj <cos(q-r)>dV —->—|ApV, <1- (q-1) +..>
dQ2 Vv Vv 2
do N R}
(—)v :—Apzvp2 1—(12 — ation fof Interpretation of Slopes
dQ V 3 P\ p(ox\(;\ob\eo\_ \ - I d
oiniet Y L aD il ——— cylinaer
(;sphe“"a“ \
Decay of the scattering function dependson & _, .
, . . : = i >.disk \
the system’s overall structure (dimensionality) 2 | o 3" i
m=1 - cylinders - e
(E) g™ m=2 - disks, lamellae = \
dQ’V > m=3 -fractals O S MU i R
m=4 - sharp interfaces o ey
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Model-Based Analysis

Fit the experimental
data using the
selected model - Change
(Fix the values of any the model
“known” physical

Select a model for
possible structure L}
of the aggregates

parameters - as
many as possible)

' Isita
A Possible _
Structure — 9°°?d fit
Yes .

P- 27
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Scattering Form Factors — Spheres

2
o = [[[[orre e

Since spheres are isotropic, there
is no need to do orientational

sphere Vsphere average 4
1 ¢
R 06=n ¢=2n 2 Dﬁé

»
>

I I I earcost r2 sin® do dO dr
Vsphere r=0 6=0 ¢=0

9
. 10" = = [sin(gR) - qR-cos(qR)P?
5 4 (aR)
% 10 ]
£ 10”° {R=100 A do . N
't% - 1Ap = 1106 A-2 (dQ ) v (psphere po) Vsphere Fi( q )
10 9= 0.1
LERLY T T T TTIT] ' _ 2 9 . _
001 ‘_11 T _(bsphereVSphereAp(cﬁ [sin(aR) - aR-cos(qR)F

q, A
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Scattering Form Factors Common form factors of particulate systems

Morphologies P(q) Remarks
Spheres _ o _p2
(radius :R) (qR)6[Sln(qR) - qR-cos(qR)]* =A,n(aR)

Spherical shells

(o%ter radius: R, [R13'Asph(qR1)_ R23-Asph(qR2)]2

inner radius: R,) (Ri3 =Ry

.. . . 11 -
Triaxial ellipsoids 2 ) * Integration of
(semiaxes: a,b,c) J(; J;)Asph[cj a? cos*(nx/2) + b?sin*(nx/2)(1-y?), + c?y? ] dx dy x and y are for

orientational
ggg;:er; 4} J2[QRA>C]  sin?(qLx/2) . average.
: ~ X
length: L) o [RT>@P  (gxi2)’ . J(x) is the
""""""""""""" first kind
. o 2 - J.(2qR)/qR
Disk (radius: R : _ 1
infinitely thin) By setting L =0 q2R2 E;S;iiln of
L . :
Rod (length: L o 2 T sin(t) 4 SinaL2) order 1
infinitely thin) By setting R =0 qL J " )
0

(qL/2)?

“Structure Analysis by Small Angle X-Ray and Neutron Scattering” L. A. Feigen and D. |. Svergun



Small Spherical Hollow Shells
Bilayered Disks
Large Spherical Hollow Shells

Disk diameter

A

10°

Solvent
Lipid tails

-1
Lipid heads 10

s JOINT INSTITUTE %PFRANK LABORATORY
(EzssRuzd) FOR NUCLEAR RESEARCH

OF NEUTRON PHYSICS

p- 30



< JOINT INSTITUTE
m’m&) FOR NUCLEAR RESEARCH

I'nP
\9‘ FRANK LABORATORY

OF NEUTRON PHYSICS

Neutron Scattering = Simple Models

neutron scattering data are inherently featureless _
however, the mid-q region provides strong information

on bilayer overall structure, reflecting the large
scattering contrast between the lipid bilayer (a lot of H)

and solvent (D,O)

large vesicles

bilayer overall
structure

structure

bilayer inner J

0.01 0.1

MD simulation
model

MD simulation
model

¢ MD simulation
e— T 0d el

+ MD simulation
model

Kucerka,N., J.F.Nagle, S.E.Feller and P.Balgavy, Phys.Rev.E (2004)

p- 31
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high resolution X-ray scattering data allows
for using complex models, thus enhancing

the spatial resolution of the bilayer structure

electron density [e/A’]

N.Kucerka, S.Tristram-Nagle, J.F.Nagle, BlJLetters (2006) b3
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Joint Refinement = Advanced Models

Scattering Density Profile analysis

The same functional form for all of the different
contrast conditions (X-rays and neutron contrast
variation)

Volume distributions satisfy a spatial conservation

principle
,*>— choline_d13 i PGN. d4i ]
. ' - ! iN_4a 1 ]
70 /' . choline_d9 L PCN; [ {1 C1olCDS 3
= /7 ™.\ phosphate : : ',T‘!\\
o 0.1 . carbonyl i CGiM i
- I
w .
z .

o
=

T Sy I TITOTLY
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The SDP model is fit simultaneously to

the different contrast

2.5

conditions.

2.0

1.5

1 =15

¥ 113 ¢

1.0 1 210
0.5

208

L. 0.2
q [AT]
UL LS I T™]
2 3
5 ]
(1] 4
-Q -
o ]
o ]
o 0.4 3
E PN CholcHa:
>c 0. \~ CholC 3_
0' - - - ‘.Ah - ]
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z

N.Kuderka, J.F.Nagle, J.N.Sachs, S.E.Feller, J.Pencer A.J.Jackson, and J.Katsaras, BJ (2008)
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hydrogen bonding interactions
lipid - cholesterol - water

MD Simulations + Experiment = beyond advanced
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detailed structural information

SIMulation to EXPeriment analysis
MD simulations aid the analysis of experiment

experimental results help to improve simulations

direct comparison reconciles simulation and experiment

N. Ku€erka, J. Katsaras, and J.F. Nagle, J. Mem. Biol. (2010)
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Superstructure of Signaling Systems : x
Two-component systems (transmembrane proteins
in general) are responsible for the communication
of microorganisms with their environment

. Intensay, em
/
Intensty, o’

Reflectometry of Model Lipid Membranes

Periodic nanoporous material on the basis of amorphous silica experiment 59 )
Neutrons reveal the inside of composites with nanoparticles @ B s Neutron reflectometry experiments performed with single
10 R goll supported membranes reveal the structures of these thin films
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Magnetic refrigeration
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magnetocaloric effect

Applications
Therapeutic agents in tumor
treatment and drug delivery
MRI contrast media (Gadovist)

Zelendkovd, .
zeleidkovs,  Drug Delivery Systems

Carbon nanoplatforms for molecular imaging, tissue engineering,
biosensors, and targeted drug delivery in cancer treatment

Isomeric forms of antiepileptic drug ETX

Carbon Nanotubes Doxorubicin

enantiomers may differ in toxicity
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Superparamagnetic Fe304 core-shell nanoparticles for boron
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Chudoba D., et al., Int. J. Mol. Sci. 21 (2020); Korolkov I. et al., InT.;lJ'. Mol. Sci. 22 (2021)

was studied by inelastic neutron scattering
Due to different pharmacological activity,

Osiecka N. et al., J. Pharmac. Science. 108, 1 (2019)
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Understanding the Mechanism of Alzheimer’s Disease

10°A7

Neutron scattering allows to study model membranes that replicate pre-clinical stage of AD

700 A

Changes in the membrane self-organization happen during the thermodynamic phase
transitions of lipids and are interpreted as the peptide driven membrane breakage.

Ivankov, Murugova, Ermakova, Kondela, Badreeva, Soloviov, Kuklin, Ku¢erka, Sci Rep 11, 21990 (2021)
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Outline

Historical Overview

Sources and Properties of Neutrons

Principles of Small-Angle Scattering

Analysis of Small Angle Scattering Data + Examples
Principles of Small Angle Diffraction

Analysis of Small Angle Diffraction Data + Examples
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The Bragg’s Law The two planes will scatter in phase
if the path difference '2dsin(0)" is

a whole number of wavelengths 'nA

nA =2dsin(6)
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Instead of a continuous phase transition from the well ordered
I A— T gel into the fluid phase, which adheres to a well-known critical
Temperature (K) . ° . . o,
ot ¢ T303K behaviour, neutron diffraction shows a first order transition

g e T=311K . .
3 © ik with a co-existence s3¥83  cefED. ST
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C.L.Armstrong, M.A.Barrett, LToppozini, N.Kucerka, et al. Soft Matter 8/17 (2012)
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Non-qz Component in Rocking Curve READY FOR A
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Scattering & Real Space — Fourier Transform

p(r) - scattering density profile

exp| — X
P 207

Scattering amplitude = FT of SDP
F(q)= j o(F)e ™" dr
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Outline

Historical Overview

Sources and Properties of Neutrons

Principles of Small-Angle Scattering

Analysis of Small Angle Scattering Data + Examples
Principles of Small Angle Diffraction

Analysis of Small Angle Diffraction Data + Examples
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Small-Angle Diffraction — Diffraction Curve i
I(q) ~ I (q)
r . 1 1 r 1 1 1 ™ 1 1 ° F(q) ~ FT(,O(Z))
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Phase Problem
p(z) ~ FT(F(q))
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100%+ . | | | L

o)
-

-

Form Factors

O
S

N
o
o

02 04 06 08 1.0

O
o



JOINT INST

g T T

LU FE

FOR NUCLEAR RESEARCH

Phase Determination
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Bilayer Structure Reconstruction
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Bilayer Thickness

NSLD profiles provide a measure of various bilayer thicknesses
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Interface between bilayer and Lipid head-to-head distance is
surrounding 100% D,0 provides revealed for bilayers dispersed in

a steric (total) bilayer thickness 8% D20 (NSLD of solution is zero)
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Summary

Small-Angle Scattering is a valuable tool for structural biophysics allowing the in situ

measurements of systems between 10 to 1000 A

The scattering function is proportional to the product of form factor (intraparticle scattering
function) and structure factor (interparticle interactions)

Small-Angle Diffraction allows to uncouple information according to the orientation planes
Contrast variation offers the solution of scattering phase problem

Solvent contrast variation provides water distribution profiles

Specific labeling enhances resolution of determined structures

Bilayer structure reveals the link between the structure and function taking place in

biological membrane
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