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Neutron Protein Crystallography
and equilibrium dynamics

FEBS Practical Course, Biomolecules in Action |l
DESY, Hamburg,

June 25th 2019 | Tobias E. Schrader, Ralf Biehl
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Outline

 Introduction: Why neutrons?
* High resolution neutron structures
* |nelastic neutron scattering: Biomolecules in action:

Equilibrium dynamics as key for the function of
enzymes
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Neutrons are scattered by the nuclel x-rays by
the electrons

X-rays
6=0° ' (sin )/A=0-5A"

L
T

Scattering amplitude (107'2 cm)

£
I

(b) Neutrons

07 04 06 08 10
(sin #)/7. (10® cm)

o
1

Fi1G. 16. X-ray and neutron scattering amplitudes for a potassium atom.

Potential

Scattering amplitude (107'2 cm)
N
I

. SGI::Ni Neotrons zﬁ:&ggﬁon Atoms are point-like
1 _ particles for
S\ WLl neutrons, but the
/RS /v mv - 100 electron shell has
i i M"ﬁNi fomicawel gl some size on the

scale of the atom

F1G. 22. Irregular variation of neutron scattering amplitude with atomic weight due distances.
to superposition of ‘resonance scattering’ on the slowly increasing ‘potential

scattering’; for comparison the regular increase for X-rays is shown. (From Research

(London) 7, 257 (1954).)
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Advantages of structure determination with neutrons:

Comparison of form factors (X-ray) and scattering lengths (neutrons):

X-ray neutron

?H=D

H
- o @

atomic scattering
Nucleus Aumber length
[10-12 cm]
H 1 -0.378
2H 1 0.667
12C 6 0.665
15N 7 0.921
160 8 0.581

G.on Of TH is 1.8x10-28 m? but
G oo, OF TH is 80.2x1028 m?

Large background from hydrogen atoms!

24. Juni 2019

diameters correspond to:
form factor / scattering length
(scaled to match for C-atom)

O
O
O
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Advantages of neutrons as compared to x-rays
as probes for scattering techniques

1. Neutrons are neutral particles and have a fairly small scattering cross
section as compared to x-rays of similar wavelength.

a) Large penetration depth can be reached (several mm or cm)
b) More complex sample environment can be afforded:
Cryostats, high pressure cells

2. Neutrons scatter from the nuclei and can therefore ,destinguish® between

different isotopes of the same element
a) Contrast matching can be used in Small Angle Scattering:

Frank Gabel’s talk
b) In case of high resolution this may be problematic:
3. Neutrons cause much less radiation damage as x-rays
a) time resolved investigations on one and the same sample are

more feasible
4. Neutrons have a magnetic moment (magnetism and superconductivity can

be investigated)
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The (free) neutron production problem...
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a:sm" Small excursion: Neutron production
. P
Fission % & .
858% olpe o usually
200 MeV/fission g i NG Y ®  continous
2.35 -1 = 1.35 neutrons freeq.... ... 8o \ . beam
=> 150 MeV/neutron e B % =

\\ 1 GeV proton in:
/ . 250 MeV becomes mass (endothermic

S ) usuall
#o i = reaction) y
R 30 neutrons freed pulsed
B beam

© => 25 MeV/neutron

6x more neutrons per unit

heat slide from
Ken Andersen
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ngh brilliant sources: The Juelich idea of a new neutron
source
e Artistic view of NOVA ERA with four beam-lines and instruments

cold neutron instruments thermal neutron
instrument

ion source

accelerator

switching magnet target / fast neutron instrument
moderator

assembly

Neutron production using a Beryllium target and the following process

‘Be(p,n)°B
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Disadvantages of neutrons as probes

1. Neutrons are very expensive and highly brilliant beams are not easy to produce

2. Incoherent scattering (mostly of hydrogen atoms) produces background and

limits resolution.
a) Deuterated samples are needed, sometimes per-deuteration

is an advantage.

3. Absorption sometimes plays a role and leads to activation of the sample
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Neutron Protein Crystallography

Elastic scattering recorded, no energy
resolution on the detector.

Inelastic scattering neglected because it is
much weaker in intensity.
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Protonation states of amino acids:

X-ray d_..= 1.5A: neutrons d_. = 1.5A:

min min

65% D

80% D/
. 20% H

[] 2Fo-Fc map; +1.5¢ B 2Fo-Fc map; +1.56
B Fo-Fc omit-map; -3.0c
[ ] Fo-Fc omit-map; +3.0c

Niimura N, Chatake T, Ostermann A, Kurihara K, Tanaka T. (2003) Z. Kristallogr. 218:96
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Hydrogen/deuterium atoms can be resolved even at a resolution of d .. ~ 2.5 A
(for 2H). Therefore one can determine:
- protonation states of amino acid side chains and ligands

=== deuterium exchange as a measure of flexibility
and accessibility (discrimination between H / D)

=== solvent structure including hydrogen atoms

Water network in the contact region between
i two myoglobin molecules in the crystal.

x-ray map (magenta): contour level of +2.7c

nuclear map (red):  contour level of -1.75¢
~ nuclear map (blue): contour level of +2.3c

Much less radiation damage as compared to x-rays: Metallo-proteins can be

measured without reducing the metal centres

24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 12 1 2
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World map of neutron diffractometers optimized for protein crystals

MaNDI@SNS Bio-D@KAERI
Imagine@HFIR IBIX@J-PARC
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How do we find out about protein structures?
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Most structures are obtained by x-ray crystallography,

available neutron structures in protein data bank: 58
M x-ray (120534)

M solution NMR (11921)

M Electron Microscopy
(1776)

B Hybrid (110)

[ solid State NMR (93)

[ Electron Crystallography (70)

™ Neutron Diffraction (58)
[ Fiber Diffraction (38)

http://www.rcsb.org/ Total number of structures: 134656
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A crystal structure according to the protein data bank
(PDB)
XY,z coordinates (A)

ATOM 25 N ASP A 928 19.062 9.157 35.067 1.00 4.73 N
ATOM 26 CA ASP A 928 19.770 10.123 34.232 1.00 4.58 C
ATOM 27 C ASP A 928 19.075 9.938 32.899 1.00 4.56 C
ATOM 28 O ASP A 928 19.074 8.824 32.351 1.00 5.39 O
ATOM 29 CB ASP A 928 21.259 9.776 34.071 1.00 3.13 C
ATOM 30 CG ASP A 928 22.112 10.245 35.233 1.00 5.52 C
ATOM 31 OD1 ASP A 928 21.693 11.114 36.025 1.00 5.42 O
ATOM 32 0OD2 ASP A 928 23.239 9.742 35.349 1.00 7.93 O
ATOM 33 N VAL A 929 18.417 10.985 32.405 1.00 3.68 N
ATOM 34 CA VAL A 929 17.726 10.864 31.125 1.00 4.63 C

Iso‘rr'opic(B-fac‘ror' or femperature factor is a measure of the
mobility of an atom

B (A2) = 872<u2>, where <u?> is the mean square atomic
displacement

24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 16
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Very few x-ray structural studies give access to hydrogen positions

X-ray: neutrons:
hydrogens visible at resolution hydrogens visible at resolution of d_;;,
Of pyy 1A osasy = 2A (for?H)
| ' . H/D - exchange
w 20000 I | i | I \ i | i \ 1 | I | I
g - Protein Data Bank (PDB) . But crystals
S 15000 _ -4 need to have a
= structures *=54750 volume of
° (2010) more than 1
~ 10000 - 31
o) mm?!
o)
£
2 5000 -
0 1

O 05 1 15 2 25 3 35 4
resolution [A]
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Protein crystallography in general,
valid for both x-rays and neutrons as probes

24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 18
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Phase problem
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Pure Crystal

protein 3D structure

X-ray or neutron
Diffraction Electron density
(x-rays) or nuclear
Scattering length
density

Harma Brondijk, Crystal and Structural chemistry, Utrecht University
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How a typical protein crystal looks like...

(b) ()
SPACE GROUPI
SYMMETRY OPERATIONS

(a)
ASYMMETRICD
UNIT

TRANSLATIONS
fig2.2

24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 20
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Size considerations of protein crystals

size:

x-ray-crystallography:

ca. 10 umx 10 um x 10 ym

typically cryoprotectants needed to facilitate
measurements at low (80 K) temperatures

neutron protein crystalography:
The desirable size should be around
1 mm x 1 mm x 1 mm (depending on the
protein/space group)

Outer diamter of the glas tube: 5 mm

24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 21
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Schematic overview over BioDiff: A neutron protein
diffractometer: collaboration between JCNS and FRMI|I

*

< -—

¥/& selector
/

\ . " 20, =42° -112°

N
o

L 4
20ccp=0" -113° ‘ve sample crystal
b

variable slits

CCD detecfor \
cylindrical Bragg's law
0 image plate detector .
beam stop nA = 2d sinf
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BioDiff, the corresponding view in reality:
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Ewald construction and Bragg‘s Law

diffracted beam

radius = 1/A
< > A\
incident beam crystal at So Orig}S of the
reciprocal lattice
the centre
of the Ewald
sphere

Ewald sphere
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Myoglobin protein crystal (deuterated mother
liquor) full data set recorded with CCD

_INCIDENT X-RAY BEAM  ~y

prim.
beam

ool 5
RECIPROCAL i T
LATTICE

CRYSTALTO FILM DISTANCE

BioDiff: exposure time per frame: 20 minutes,

sample: Myoglobin in deuterated mother liquor
24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 25
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NIP-scanner
- larger solid angle

- readout time =4 min

CCD-camera
- smaller solid angle

- readout time = 1 sec

Folie 26
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Integration of partial Bragg peaks with the
commercial software hkl-denzoup tod_. =1.5 A
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- Fow chart of data treatment and model building

Jillich Centre for Neutron Science

Scans at varying crystal orientation
Scan := Series of detector images

. 5

-MOSFLM
-HKL-denzo

(comercial)

B
hkl-list for each scan: }

h k | Intensity Intensity error

B

-SCALA (CCP4-program package)

.=
[ Unified hkl-list of measurement := complete data set ]
.} mmrmatlon from the

i

-XtalView
-Coot

-nCNS
-PHENIX

24, Juni Julich Centre for Neutron Science (JCNS)
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Structural Refinement: Putting the model in and
applying changes in real space

PHENIX

scattering length density All atoms, the whole amino acid
map (neutrons) chain is fitted into the scattering
length density map

24. Juni 2019 Julich Centre for Neutron Science (JCNS) Folie 32
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Application Example: Protonation state of
amino acid residues
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The protein B-lactamase

R
TN @ [ B J/
A s 2

&7 H i
=, 7 . R T AT
3 -4 ;«:& Ea o g ?4“%"’%‘. \’:ﬁ* ké::(
£ St e eh A
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N B-lactamase: hydrolyses B-lactam antibiotics

enzyme—-BZB
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The catalytic cycle of a class A B-lactamase illustrated for a cephalosporin substrate (inside box) and the mode of inhibition by
BZB (outside box). The general base employed is not necessarily the same for acylation and deacylation. The overall reaction
pathway for B-lactam hydrolysis of a cephalosporin-like substrate by the class A B-lactamase enzymes.
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Catalytic Proton Network of the Toho-1 B-Lactamase

transition state
analogue BZB

l

Asn170 ik
protonated ¥\ >
Glu166 N i

electron densitap nuclear density map from BioDiff

Glu166 acts as the general base during the catalytic action of the enzyme.

Stephen J. Tomanicek, Robert F. Standaert, Kevin L. Weiss,
Andreas Ostermann, Tobias E. Schrader, Joseph D. Ng, and Leighton Coates
J. Biol. Chem. 2013, 288:4715-4722
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« x-ray crystallography: Most of the beautiful schematic pictures of proteins in
textbooks of chemistry and molecular biology represent structures
determined by X-ray diffraction. Advantages:

1. only small crystals needed

2. short measurement times enable large throuput
3. phase problem can be solved with more and more sophisticated methods

Disadvantages:

1. radiation damage often observed: hydrogen abstraction, reduction of metal centres in
the metalo-proteins, disulfide bond cleavage.
2. Hydrogen positions can usually not be determined (only at high resolution)

* Neutron protein crystallography is a complementary technique as compared
to x-ray crystallography. Here one can determine:

1. protonation states of amino acid side chains (important for the function of the protein)
2. solvent structure including hydrogen atoms
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A. Farone: Methods and Applications of SANS, NR, and NSE NCNR, 2012
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The Spin Echo Principle
Neutron spin Spin rotation
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ANAN=10-20%

CHE

it/
Flipger Precession 1

Hmru

Precession 2 /2 Detector
analyzer

decoupling detectability of tiny velocity changes caused by the
scattering process from the width of the incoming velocity distribution

ﬂ Slide by A. Radulescu
the key is the neutron spin and Olaf Holderer
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Phosphoglycerate Kinase is sixth step in glycolysis
to deliver energy from sugar by phosphate transfer

1,.3-phosphoglycerate

high energy q

low energy

adenosine

tdipthospiate (AF))
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Structural change of Phosphoglycerate Kinase (PGK)

due to substrate binding
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Inoue et al. BiophysJ 99, 2309 (2010)
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Elastic normal modes as templates for the™ ™

structural change of PGK
yeast PGK

(relatet to glycolysis)

{+sub

Arg38-Gly371

crystal = 11.8A
PGK 2> 114A 2 0
PGK+sub = 8.2A
active = 35A

activity not possible in this
closed configuration with
substrate bound
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Substrate binding reduces relaxation time and
internal dynamics amplitude for PGK

internal
dynami

1/T=60(+10) ns PGK

04t o 5%
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mean atomic displacement
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0.2+

fraction of internal dynamics A(Q)

0,15

contribution
of normal modes
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Domain dynamics is essential to reach catalytic
configuration A

T
S stattic distance ,/
N 11.8 A /
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T NI — mode 9

5 J
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Bernstein et al. Nature 385, 275 (1997)

Figure 5 The active site of T brucei PGK with the transition state modelled as a

=>» without dynamics no function

mode 7
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Spin Echo summary

Dynamics of biological macromolecules in solution can be investigated without
the need for (fluorescent) labels

Equilibrium dynamics (normal modes) are essential for the function of some
enzymes
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Thanks to...

 Ralf Biehl

* Andreas Ostermann
» Marialucia Longo

* Livia Balacescu

* Florian Vogl

* Leo Rothmayer

» Olaf Holderer

» Aurel Radulescu

and thanks to the organizers: Christian Betzel, Jeroen Mesters for giving me
the opportuinity to speak in this FEBS course

and you for your attention!
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