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 Neutron structure determination:  


X-ray dmin= 1.5Å: neutrons dmin= 1.5Å: 

2Fo-Fc map; +1.5σ

Fo-Fc omit-map; +3.0σ
Fo-Fc omit-map;  -3.0σ
2Fo-Fc map; +1.5σ

Nε2
Cε1

Nδ1

H

H

H H

65% D
80% D /
20% H

Niimura N, Chatake T, Ostermann A, Kurihara K, Tanaka T. (2003) Z. Kristallogr. 218:96 

hydrogen atoms can be resolved even at a resolution of dmin≈2.5Å 
 

  protonation states of amino acid side chains 
 

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

 

  solvent structure including hydrogen atoms 
  can be analysed 

 

  discrimination between neighbors in the periodic 
  table is possible: e.g. N and O, Fe and Mn 

 

  B-factors (<x2>) of the hydrogen atoms can 
  be compared with data of other techniques                           

 

  no radiation damage compared to measurements 
  at synchrotrons  

 

2Fo-Fc map, +1.5σ 

    Fo-Fc omit-map, -2.8σ 
    Fo-Fc omit-map,  +3.5σ 

2Fo-Fc +1.5σ 
  2Fo-Fc   -2.0σ 

H / D exchange correlates with the flexibility 
protons show higher protection in the interior  
of the protein 

tells you where water can migrate and which protons can take 
part in proton transfer reactions 

α-helix 

Ostermann A, Tanaka I, Engler N, Niimura N, 
 Parak F (2002) Biophys. Chem. 95:183 

H D 

4	proposals		“BIODIFF	as	low	resolu2on	powder	machine”:	-	CO2	uptake	in	clay	as	F(pressure);		
																																																																																																										-	Stratum	corneum	lipid	model	membranes;;	
	

6	proposals	small	compound	structures	(large	magne2c	superstructures	or	diffuse	scaIering);	

β-lactamase with bound BZB inhibitor 

dmin I/σ(I) Nmeas mult. compl. 
in shell % 

Rmerge 
% 

4.31 27.8 12685 5.6 97.6 4.9 

3.42 19.0 11941 5.5 98.0 8.0 

2.99 10.3 10378 4.9 96.9 14.6 

2.71 7.6 8757 4.3 95.5 18.7 

2.52 5.9 7820 3.9 92.8 21.2 

2.37 5.4 7099 3.8 89.2 21.6 

2.25 5.0 6095 3.5 84.6 23.0 

2.15 4.5 5906 3.4 82.9 24.7 

2.07 4.1 5673 3.2 82.0 27.2 

2.0 3.7 5059 2.9 81.2 27.9 

overall 7.4 81413 4.0 90.2 14.7 

Amino acid protonation states:


Analysis of H/D-exchange:


ellipsoidal
spherical 

triangular

All types of shapes can be found
on the protein surface

Triangular shapes are only found
in direct contact with the protein 
surface

Shape depends on the environment

Chatake T, Ostermann A, Kurihara K, Parak F, Niimura N (2003) Proteins 50:516 

example: myoglobin 

2Fo-Fc neutron map, +1.5σ
  2Fo-Fc  neutron map, -2.0σ
  2Fo-Fc X-ray map

complementary information from X-ray and
neutron structure analysis!

Hydration structure analysis:


velocity selector 
 (higher order filter) monochromator 

  PG002; 75mm x 35mm x 2mm 
  wavelength range: 2.4Å – 5.6Å 

CCD 

NIP detector unit:     neutron image plate (NIP) 
                          CCD-camera  

The diffractometer BIODIFF:  


- Gd2O3 / (BaFBr:Eu2+) 
- cylindrical shape: r=200mm 
- covered solid angle: ±155° 
-  scanner resolution: ≥ 125 µm 
-  readout time + erasing:≈5min 

NIP system: 

- 6LiF/ZnS scintillator 
- flat shape: 200 x 200mm 
- covered solid angle: 0-113° 
- overall resolution: ≈300 µm 
- readout: ≥1sec 

CCD-camera: 

β-lactamase crystal 
73Å x 73Å x 99Å 

λ=2.68Å 

neutron image plate (NIP) 

CCD-camera 

NIP and CCD detector system:


Standard Oxford cryostream 700+ 
  

temperature range: 90 - 500K 
 

stable, no icing over weeks   

Sample environment:


First “user data-sets”:


Examples of user experiments:


 
Next proposal deadline: September 8th, 2017 
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CCD system: 

Tomanicek et al., J. Biol. Chem., 288, 4715 (2013).  

The hydrogen-bonding network strongly suggests  
Glu166 acts as the general base  

S.J. Tomanicek, R.F. Standaert, K.L. Weiss, J.D. Ng, L. Coates   (Group of  P. Langan) 

pdb:	4bd1	 Rpim = 7.9% (17.9%)  
- unit cell: 73.4Å, 73.4Å, 99.1Å   P3221 
- fully deuterated protein 
- crystal size: 2.7mm3 

- collection time: 9d  

protein unit cell (Å) 
space group 

cell 
volume 

(Å3) 

crystal  
size 

(mm3) 

time 
(d) 

dmin 
(Å) 

compl. 
(%) 

Rmerge  
(%) 

β-lactamase (no ligand) 
L. Coates et al.                        

73.3, 73.3, 98.7 
P3221              λ=2.7Å 

453,000 
 

4.0 8 2.0 89.0 
(82.7) 

9.8 
(22.3) 

β-lactamase-BZB-inhibitor 
L. Coates et al. 

73.4, 73.4, 99.1 
P3221              λ=2.7Å 

453,000 2,7 9 2.0 90.2 
(81.2) 

14.7 
(27.9) 

Inorganic pyrophosphatase 
J. Ng et al. 

101.0  101.0 100.5 
R32           λ=3.4Å, 4.0Å 

887,700 1 24 2.0 97.9 
(90.5) 

 

13.6 
(52.6) 

 

Xylanase II 
A. Kovalevsky et al. 

49.5  59.9  70.4 
P212121                 λ=2.7Å 

208,000 2.8 17 2.0 96.2 
(91.0) 

9.7 
(32.7) 

KDN9P phosphatase 
Z. Fischer et al. 

83.1 108.9  75.8 
P21212            λ=2.7Å 

685,000 1.0 18 2.5 94.8 
(88.7) 

11.7 
(40.0) 

apo human carbonic anhydrase II 
Z. Fischer et al. 

42.8  41.7  72.8 
P21                           λ=2.7Å 

125,000 2,5 8 1.8 89.9 
(76.8) 

11.9 
(33.0) 

Nucleosidase (MTAN) 
A. Kovalevsky et al. 

83.0  83.0  67.4 
P3221              λ=2.7Å 

392,000 2.8 25 2.7 97.1 
(94.9) 

 

9.8 
(47.8) 

Cytochrome c peroxidase 
P. Moody,  M. Blakeley, C. Casadei et al. 

51.2 75.8 107.6 
P212121     λ=3.4Å, 4.0Å 

417,000 0.65 23 2.5 90.7 
(71.8) 

 

17.3 
(42.8) 

 

Farnesyl pyrophosphate synthase 
T. Yokoyama et al. 

111.9 111.9 72.6 
P41212            λ=4.0Å 

909,000 
 

3.5 25 
(11) 

2.4 98.4 
(98.0) 

 

10.7 
(61.2) 

DNA drug complex 
S. Arai, R. Kuroki et al. 

27.9 27.9 52.0 
P41212            λ=2.7Å 

40,500 3.0 3 1.7 92.7 
(83.3) 

 

10.8 
(21.5) 

 

dmin I/σ(I) Nmeas mult. compl. 
in shell % 

Rmerge 
% 

140.0 – 5.17 29.1 12784 6.6 94.9 4.3 

5.17 – 4.10 14.5 9490 5.0 99.3 9.8 

4.10 – 3.59 10.6 8045 4.3 99.5 12.3 

3.59 – 3.26 7.0 5833 3.2 98.5 15.5 

3.26 – 3.02 6.1 6443 3.5 99.3 19.5 

3.02 – 2.85 4.5 6181 3.4 98.6 24.9 

2.85 – 2.70 3.3 5772 3.2 98.6 31.2 

2.70 – 2.59 2.5 5442 3.0 98.5 39.8 

2.59 – 2.49 2.1 5260 2.9 99.0 46.2 

2.49 – 2.40 1.8 4846 2.7 98.0 61.2 

overall 8.2 69977 3.8 98.4 10.7 

Human farnesyl pyrophosphate synthase with risedronate 

T. Yokoyama, M. Mizuguchi, N. Niimura, I. Tanaka 

- unit cell: 111.9Å, 111.9Å, 72.6Å   P41212 
- crystal size: 3.5mm3 

- collection time: 25d (5d, 6d, 14d)  

FoFc-omit-maps: positve in green, negative in red;  

Rpim = 5.8% (37.1%)  

Comparison of form factors (X-ray) and scattering lengths (neutrons): 
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diameters correspond to form factor /
scattering length  (scaled for C-atom)
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for B=10Å2 

B=8π2<x2> 

Compound I of cytochrome c peroxidase @100K 

with hydrogen peroxide as previously reported
(19). Formation of compound I in CcP crystals
is established [e.g., (20, 21)] but was verified in
several ways. Single-crystal microspectropho-
tometry at 100 K on similar (smaller) crystals
showed the characteristic absorption peaks in
the visible region (530, 560, and 632 nm) (fig. S1A),
in agreement with the literature (22). Spectra of
these crystals were unchanged on storage over
20 days (fig. S1B). Single-crystal electron para-
magnetic resonance (EPR) on similar crystals
prepared and reacted in the same way (see sup-
plementary materials and methods) also showed
the appearance of the characteristic g = 2 signal
from the Trp191 radical (17) (fig. S2); in solution,
compound I of CcP is stable for hours at room
temperature (23) and indefinitely at 77 K (figs. S3
and S4).
We then used x-ray and neutron diffraction

data to determine the 2.5 Å resolution neutron
structure of compound I of CcP at 100 K (see
supplementary materials andmethods). Figure
2 shows nuclear scattering and electron den-
sity in the region of the heme and summarizes
the positions of all the hydrogen and deute-
rium atoms. Data and refinement statistics
are shown in table S2. Nuclear scattering and
electron density maps for individual active site

residues are shown in fig. S5. In comparison to
the ferric enzyme, most of the protonation
states are retained in the compound I struc-
ture, with the exception of His52, which is now
deuterated at both Nd and Ne (fig. S5D). We
observe that the Ne of the Trp

191 radical is deu-
terated, which identifies the radical species as
a (protonated) p-cation radical (24). Compared
to the ferric enzyme, Arg48 has moved into the
heme pocket.
Analysis of the nuclear scattering density maps

indicates that the ferryl oxygen is not deuterated
in the structure. This is confirmed by examina-
tion of the hydrogen bond structure: The ferryl
oxygen acts as a hydrogen bond acceptor to the
Ne of Trp

51 and to the Ne of Arg
48, both of which

are accordingly deuterated. We interpret this
geometry as consistent with an unprotonated
Fe(IV)=O species. An Fo–Fc neutron map calcu-
lated in the absence of the ferryl oxygen shows a
peak (3.8s) in nuclear scattering density at 1.6 Å
from the iron atom (Fig. 2, A and B), which is con-
sistent with the most recent x-ray data [reported
as 1.63 Å (19) and 1.73 Å (25)]. However, bond
lengths cannot be determined precisely at this
resolution and, as we note above, report only
indirectly on the protonation state. The unam-
biguous observation from the neutron struc-

ture is that the oxygen is not protonated, which
establishes that the ferryl intermediate is an
Fe(IV)=O species at this pH. The neutron data
show that there is no hydrogen bond from the
distal histidine to the ferryl heme, as has been
suggested previously (26) in horseradish per-
oxidase to account for pH-dependent spectro-
scopic behavior of the ferryl intermediate.
Mechanisms for O–O bond cleavage in per-

oxidases are invariably drawn (1, 27) showing
the distal histidine (His52 in the case of CcP) as
neutral in both ferric and compound I species,
which assumes that both protons of H2O2 are
used in the formation of a water molecule. Our
data are not consistent with this long-standing
description. His52 is indeed neutral in the ferric
state (Fig. 1 and fig. S5E) but is deuterated on Ne

and Nd in compound I (Fig. 2 and fig. S5D). We
take this tomean that the widely assumed role of
the distal histidine in compound I formation—
acting first as a base catalyst (to deprotonate
peroxide) and then as an acid catalyst (to proto-
nate the peroxide oxygen and release water)—
needs to be reassessed.
Possible alternativemechanisms showingmove-

ment of protons during O–O bond cleavage are
shown in Fig. 3. Ferric CcP is unprotonated on
theNe ofHis

52, and theNe lone-pair geometry does
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Fig. 2. The structure of compound I of CcP in the region of the heme.
Nuclear scattering density (sA-weighted 2Fo-Fc contoured at 2.2 RMS) in
the (A) distal and (B) proximal heme pocket is shown in cyan. Electron
density (sA-weighted 2Fo-Fc contoured at 2.6 RMS) in the (C) distal and
(D) proximal heme pocket is shown in magenta. The black contour (sA-
weighted neutron Fo-Fc contoured at 3.5s) shows the difference density
calculated by omitting the ferryl oxygen. Protonation states are depicted

for (E) distal and (F) proximal active site residues. In the distal pocket, the
ferryl oxygen acts as an acceptor for hydrogen bonds from the deuterated
Ne of Arg

48 and the deuterated Ne of Trp
51. His52 is deuterated at both Nd

and Ne, the latter acting as a hydrogen bond donor to a bound water molecule
(W2).W2 donates a hydrogen bond to the p orbitals of the porphyrin ring. Color
scheme is as in Fig. 1, with the iron and ferryl oxygen depicted as orange and
red spheres.
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His	52	
His	52	

Fe	

O	

The oxygen atom bound to iron (IV) is not protonated!  
 
but His 52 is double protonated! 
 

       
             Reaction mechanism needs to be reconsidered! 

Casadei	et	al.	(2014)	Science	345:	193		

Journal	of	large-scale	research	facili8es,	1,	A2	(2015)						h?p://dx.doi.org/10.17815/jlsrf-1-19	


