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William Conrad Röntgen
Dicovers X-ray, 1895
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Synchrotron radiation:
1940s-1950s
Parallel projects by General Electric
and at the Lebedev Institute in
Moscow characterised synchrtoprn
radiation.
1950’s
Development of the first electron
storage rings that are the basis for
the modern synchrotron

Courtesy of Shih-Lin Chang NSRCC, Taiwan

James Chadwick:
Discovers the neutron
(1932)

Lise Meitner, Otto Hahn,
Friedrich Straßmann,
Otto Frisch
Nuclear fission (1938)

Enrico Fermi and colleagues Chicago Pile-1: world's
first man made nuclear reactor operating as a sustained
nuclear chain reaction producing neutrons; 2 December
1942
By Melvin A. Miller of the Argonne National Laboratory http://narademo.umiacs.umd.edu/cgibin/isadg/viewobject.pl?object=95120, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=8147703
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Bernard Jacrot
1928-2016

• Advocate for neutron research as early as 1962
• First French Director of the Institut Laue-Langevin 1967-1973; “one of the first
examples of highly successful scientific cooperation between European nations”
• Director of the EMBL Grenoble Outstation 1980-1990

ILL Reactor

Jacrot (1976) The Study of Biological Structures by Neutron
Scattering from Solution. Rep. Prog. Phys. 39, 911
Zaccai and Jacrot (1983) Ann. Rev. Biophys. Bioeng. 12, 139

ESRF

Properties of neutrons
 Contrast varation and deuterium labelling
 Data models







Basic scattering functions
Stuhrmann analysis

Examples of data collection strategies




Solvent matching
Contrast variation

The conceptual experiment and theory is the same for X-rays & neutrons

The differences are the physics of the interactions of X-rays (electro-magnetic
radiation) versus neutrons (neutral particle) with matter.

Neutrons







zero charge and negligible electric dipole

interact with matter via very short range nuclear forces (10-15 m)
and nuclei are ~100,000 smaller than their separation distances,
thus neutrons can therefore travel long distances in material without
being scattered or absorbed.
interact weakly with matter and are difficult to produce.
non-ionizing radiation

wavelength and energies available that are suitable for probing
structures with dimensions 1-1000s Å

Neutrons: particles with properties of plane waves
They have amplitude and phase
Phase coherence gives rise
to constructive interference

They can be scattered elastically or
inelastically
Elastic scattering changes direction but not the
magnitude of the wave vector

Coherent scattering is “in phase” and thus can contribute to small-angle
scattering. Incoherent scattering is isotropic and in a small-angle scattering
experiment and thus contributes to the background signal and degrades signal
to noise.
Coherent scattering essentially describes the
scattering of a single neutron from all the nuclei
in a sample

Incoherent scattering involves correlations
between the position of an atom at time 0 and the
same atom at time t

Scattering cross-section is the effective area
presented by a scattering center – or atom; i.e. the
cross-section is the probability of a scattering
event defined as:

σ = 4πA2
where A is the effective radius of the cross section
as seen by the X-ray or neutron and has coherent
and incoherent components.
For neutrons, this radius is called the scattering
length, b and it depends on the nuclear isotope,
spin relative to the neutron & nuclear eigenstate

Coherent scattering lengths:
o
o

vary linearly with atomic number for X-rays,
show only a weak dependence on atomic number for neutrons
compared to nuclear properties; e.g. nuclear isotope

Among the nuclei commonly found in biomolecules, 1H has the largest σincoherent, by a
factor of ~40 and is therefore gives rise to a very large background signal
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Effect of incoherent background of 1H on scattering from lysozyme
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Coherent scattering lengths, b, for nuclei in bio-molecules
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At very short wavelengths and low q, the X-ray coherent scattering cross-section of an
atom with Z electrons is 4π(Zr0)2, where r0 = e2/mec2 = 0.28 x 10-12 cm.

The scattering density of an object is simply the sum of the
scattering amplitudes divided by the volume.
For an assembly of atoms:
𝑁𝑁

𝑏𝑏𝑖𝑖
𝜌𝜌 = �
𝑉𝑉
𝑖𝑖=1

As 1H has a negative coherent scattering length, and 2H and all
the common elements in biomolecules have positive coherent
scattering lengths, substitution of 1H with 2H can dramatically
change the scattering density of an object.

Recall

ρ
particle

∆ρ

solvent

For a solution, pairs of volume elements between the solvent and
solute give rise to a net scattering difference providing there is a
difference in scattering density; i.e. contrast



For a uniform scattering density medium, coherent scattering from
pairs of individual volume elements on the scale of half the
wavelength of the radiation are 180° out of phase and of equal
amplitude that cancel, resulting in an isotropic, flat background
scattering.



For a solution, pairs of volume elements between the solvent and
solute give rise to a net scattering difference providing there is a
difference in scattering amplitude; i.e. scattering density has
contrast.

By adjusting the H/D ratio in a biomolecule and/or its solvent one can
𝑏𝑏𝑖𝑖
𝑁𝑁
systematically vary 𝜌𝜌 = ∑𝑖𝑖=1 and hence contrast, Δρ.
𝑉𝑉
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%2H

2O

in the solvent
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Solvent matching and molecular crowding
HCaM (~100 mg/mL)
measured in 42% D2O solvent
matched HCaM.

DCaM in Buffer
Buffer
DCaM in HCaM
HCaM

Note effects of incoherent scattering from 1H on backgrounds



∆ DCaM (~10 mg/mL) in
solution of ~100 mg/mL
solvent matched HCaM



Incoherent scattering from 1H
is a constant with Q

Mean scattering length density (1010 cm2)

Contrast variation in biomolecules can
take advantage of the fortuitous fact
that the major bio-molecular
constituents of have mean scattering
length densities that are distinct and
lie between the values for pure D2O
and pure H2O

Protein complexes require deuteration

• Incorporation of deuterium up to 86% of the
chemically Non-exchangeable protons can be
obtained in minimal media using D2O as the
deuterium source.
• PComplete deuteration can only be obtained by
addition of perdeuterated carbon source (glucose or
glycerol).
• Use mass spec to determine deuteration levels.
• Must use an E. coli B strain (e.g., BL21) – K12 strains
(DH5a) do not grow.
• Growth is VERY slow and requires cell adaption to
the D2O. This can take several days to a week.

More recently
Duff AP, Wilde KL, Rekas A, Lake V, Holden PJ (2015)
Methods Enzymol. 565, 3-25.
Robust High-Yield Methodologies for 2H and 2H/15N/13C Labelling of
Proteins for Structural Investigations Using Neutron Scattering and NMR.
Sonntag, M., Jagtap, P., Simon, B., Appavou, M.-S., Geerlof, A., Stehle, R.,
Gabel, F., Hennig, J. And Sattler, M. (2017)

Angew. Chem. Int. Ed. 56, 9322-9325.

Segmental, domain-selective perdeuteration and small angle neutron
scattering for structural analysis of multi-domain proteins.

Solvent matching









For two scattering density component complexes; internal density fluctuations
within each component <<< scattering density difference between them.

Best used when you are interested in the shape of one component in a complex,
possibly how it changes upon ligand binding or complex formation.

Requires enough of the component to be solvent matched to complete a contrast
variation series to determine required %D2O (~4 x 200-300 µL, ~5 mg/ml) for
precise solvent matching.
Requires 200-300 µL of the labeled complex at 5-10mg/ml.
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P(r) function of NL1-638 dimer shows subunit dispositions of the initial
homology need refinement
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Shape restoration results using Xray scattering data from NL1 dimer
complexed with β neurexin
90°

Side view

90°

Apical view

50% of the reconstructions were similar to
the shape shown here, while the other 50%
gave shapes that were inconsistent with
biochemical data.
To eliminate any uncertainty from the
observed degeneracy in the set of shapes that
fit the X-ray data, we turned to neutrons.

Solvent match point determination for NL1-638 dimer
complexed with Dβneurexin (NL12-2Dβn)

Solvent matching
experiment
NL12-2Dβn in ~40% D2O to
solvent match the NL1 in
the neutron experiment.

Co-refinement of the symmetric β neurexin
positions and orientations with respect to
NL12 give a model against the X-ray and
neutron data gives us a model that we can
map autism-linked mutations

G99S

K378R
R451C

V403M

Comoletti, Grishaev, Whitten et al.
Structure 15, 693-705, 2007.

Superposition of SANS scattering and crystal structure for NL12-2Dβn

Crystal Structure (3BIW) Arac et al. (2007) Neuron 56, 992-1003

Contrast variation
To determine the shapes and dispositions of labeled and
unlabeled components in a complex
 Requires ≥ 5 x 200-300µL (= 1 – 1.5mL) of your labeled
complex at ≥ 5 mg/ml .
 Deuteration level in labeled protein depends upon its size.






Smaller components require higher levels of deuteration to
be distinguished.
Ideally would like to be able to take data at the solvent
match points for the labeled and unlabeled components

Stuhrmann showed that the observed Rg for a scattering object with internal density
fluctuations can be expressed as a quadratic function of the contrast ∆𝜌𝜌:̅
𝛼𝛼
𝛽𝛽
2
2
𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅𝑚𝑚 +
− 2
∆𝜌𝜌̅ ∆𝜌𝜌̅
where Rm is the Rg at infinite contrast, α the second moment of the internal density
fluctuations within the scattering object:
𝛼𝛼 = 𝑉𝑉 −1 � 𝜌𝜌𝐹𝐹 (𝑟𝑟)
⃑ 𝑟𝑟⃑ 2𝑑𝑑3𝑟𝑟⃑
𝑟𝑟⃑

and β is the square of the first moment of the density fluctuations and is a measure of the
displacement of the scattering length distribution with contrast:
𝛽𝛽 = (𝑉𝑉 −1 � 𝜌𝜌𝐹𝐹 (𝑟𝑟)
⃑ 𝑟𝑟⃑ 𝑑𝑑3𝑟𝑟)
⃑ 2
𝑟𝑟⃑

0β
0α

- centres of scattering mass are coincident (Stuhrmann plot is
𝛼𝛼
a straight line: 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅𝑚𝑚 + )
∆�
𝜌𝜌

- a homogeneous scattering particle

+ve α - higher scattering density is on average more toward the
outside
-ve α

- higher scattering density is on average more toward the
inside of the particle

(1994)

0β

- centres of scattering mass are
coincident

-ve α - higher scattering density
(TnC) is on average more
toward the inside
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The total scattering from a two-phase scattering system is where the scattering density
difference between the two phases is significantly greater than their contrast with the
solvent can be approximated as:
𝐼𝐼 𝑞𝑞 = ∆𝜌𝜌1̅ 2 𝐼𝐼1 𝑞𝑞 + ∆𝜌𝜌̅22 𝐼𝐼2 𝑞𝑞 + ∆𝜌𝜌1̅ ∆𝜌𝜌̅2 𝐼𝐼12 (𝑞𝑞)

where:
 I1(q) and I2(q) are the form factors for the two phases (assumes S(q) = 1);
 scattering phases 1 and 2 have a mean contrast ∆𝜌𝜌̅ 1 and ∆𝜌𝜌̅ 2(uniform density
approximation); and
 I12(q) is the cross term.
I2
I12
I
1
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Two phase scattering particle in different %D2O solvents generates a set of linear equation
of the form:
𝐼𝐼 𝑞𝑞 = ∆𝜌𝜌1̅ 2 𝐼𝐼1 𝑞𝑞 + ∆𝜌𝜌̅22 𝐼𝐼2 𝑞𝑞 + ∆𝜌𝜌1̅ ∆𝜌𝜌̅2 𝐼𝐼12 (𝑞𝑞)
∆𝜌𝜌̅ terms can be calculated from chemical and isotopic composition and one can solve for
ITnC(q), ITnI(q) and ITnC,TnI(q).

2007: Bacterial histidine kinase and its small protein inhibitor Sda
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domains

Sda

CA

His405
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binding 2the
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KinA
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SAXS data
2 contracts

KinA2
Rg = 29.6 Å, dmax = 95 Å
KinA2-Sda2 Rg = 29.1 Å, dmax = 80 Å

KinA2-2DSda SANS contrast variation experiment



I(q)






q (Å-1)

Measure sample and solvent blanks at each
contrast point (use a broad range of D2O
concentrations)
Subtract solvent blank data from sample
Sample to low-q with sufficient frequency to
determine large distances accurately (min. 1520 points in the Guinier region)
Measure to high enough q to aid in checking
background subtraction (q = 0.45 Å-1)
q = 0.01 - 0.45 is typical range for 10-150 kDa
particles, usually requires two detector
positions

MONSA: bead modelling for multiple scattering phases
Same principle as DAMMIN

Svergun, D.I. & Nierhaus, K.H. (2000) J. Biol. Chem. 275, 14432-14439
LogI(q)

q (nm-1)

Adapted from Svergun
http://www.embl-hamburg.de/biosaxs/courses/embo2012ccmb/slides/07-svergun-sas-ab-initio.pdf

MONSA model for KinA2:2DSda

KinA2-2Sda (2007)
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𝐼𝐼 𝑞𝑞 = Δ𝜌𝜌𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾2𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑞𝑞 + Δ𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆2𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 𝑞𝑞 + Δ𝜌𝜌𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾Δ𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑞𝑞

KinA2-2Sda (2007)

I(q)

RKinA = 25.40 Å
R Sda = 25.3 Å
D
= 27.0 Å
D

+ve α (i.e. the position of the apex of the parabola at +ve values of
1/Δρ¯) means the higher scattering density object (Sda) is on average
more toward outside of the particle
q (Å-1)

Non-zero β - centers of scattering density of two phases are displaced.

For a two component system in which the difference in scattering density between
the two components is large enough, the Stuhrmann relationship can provide
information on the Rg values for the individual components (R1 and R2) and their
separation (D) using the following relationships:
2
𝑅𝑅𝑚𝑚
= 𝑓𝑓1 𝑅𝑅12 + 𝑓𝑓2 𝑅𝑅22 + 𝑓𝑓1 𝑓𝑓2 𝐷𝐷2

𝛼𝛼 = (𝜌𝜌1 − 𝜌𝜌2 )𝑓𝑓1 𝑓𝑓2 𝑅𝑅12 − 𝑅𝑅22 + (𝑓𝑓12 − 𝑓𝑓22 )𝐷𝐷2
𝛽𝛽 = 𝜌𝜌1 − 𝜌𝜌2 2𝑓𝑓12 𝑓𝑓22 𝐷𝐷2

𝑉𝑉

where𝑓𝑓1,2 are the volume fractions for components 1 and 2; i.e. 𝑓𝑓1 = 1 and
𝑉𝑉1 +𝑉𝑉2
𝑓𝑓2 = 1 − 𝑓𝑓1

Rigid-body refinement
χ2

KinA2-2Sda (SASREF7)

1.27
0.97
0.63

I(q)

0.56

90°

0.76
0.92
1.12
0.95

Whitten, Jacques, Langely et al., J. Mol.Biol. 368, 407, 2007

q (Å-1)

Jacques, D. A., Guss, J. M. and Trewhella, J. (2012) “Antikinases: their structures and roles in two-component
signaling,” in Two-component Systems in Bacteria, R. Gross and D. Beier Editors, Caister Academic Press

Planning a neutron scattering experiment







Choose your data collection strategy (solvent matching or full
contrast variation?)
Determine how much sample is needed
Decide which subunit to label

What deuteration level is needed in the labeling subunit
See MULCh (Whitten et al, J. Appl. Cryst. 2008 41, 222-226)
http://www.mmb/usyd.edu.au/NCVWeb/

Jeffries and Trewhella “Small-Angle Scattering,” in Quantitative Biology: From Molecular to Cellular Behavior, M. E.
Wall Editor, pp 113-152, Series: CRC Press, 392 pages, 25 August, 2012.

http://smb-research.smb.usyd.edu.au/NCVWeb/
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Handy how to articles


Cy M Jeffries et al. (2016) Preparing monodisperse macromolecular samples for
successful biological small-angle X-ray and neutron-scattering experiments. Nature
Protocols 11, 2122–2153



Whitten et al. (2008) MULCh: ModULes for the Analysis of Small-angle Neutron
Contrast Variation Data from Biomolecular Complexes. J. Appl. Cryst. 41, 222-226



Whitten and Trewhella, J. (2009) Small-Angle Scattering and Neutron Contrast
Variation for Studying Bio-molecular Complexes. Microfluids, Nanotechnologies, and
Physical Chemistry (Science) in Separation, Detection, and Analysis of
Biomolecules, Methods in Molecular Biology Series, James W. Lee Ed., Human
Press, USA, Volume 544, pp307-23.

Recent elegant examples
Hennig et al. (2013) Combining NMR and small angle X-ray and neutron scattering in the
structural analysis of a ternary protein-RNA complex. J Biomol NMR, 56:17.
• Chemical shift perturbations to map protein-protein and protein-RNA interfaces.

• SAXS data was beneficial but that the SANS data with contrast variation were required to resolve
remaining ambiguities and significantly improved the NMR-data driven docking.

Hennig et al (2014) Structural basis for the assembly of the Sxl-Unr translation regulatory
complex. Nature, 515:287
• SANS with contrast variation data helps to decipher the intertwined interactions of two
Sxl RNA recognition motifs, a Unr cold-shock domain and RNA.

Appolaire et al. (2014) Small-angle neutron scattering reveals the assembly mode and
oligomeric architecture of TET, a large, dodecameric aminopeptidase. Acta Crystallogr D Biol
Crystallogr. , 70:2983-93.
• deuterium labelling and contrast variation, to elucidate the oligomeric organization of the
quaternary structure and the assembly pathway.

Grenoble, France

Institut Laue Langevin

European Synchrotron Radiation Faciity

LUND, Sweden, home to:
MaxIV (opened Midsummer 2016) advertised to
be brightest X-ray source in the world.
European Spallation Source (construction began
2014) will be the world’s most powerful neutron
source, 100 times brighter than today’s leading
facilities.

