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ydrogen atoms

H atoms account for 
~50% of protein atoms
~35% of nucleic acid atoms

Key roles in enzyme chemistry

Protonation & orientation

Water molecules organisation

Protonation states of the active site of Toho-1 β-lactamase 
in complex with BZB 
Tomanicek, S. J., et al. (2013). J. Biol. Chem. 288, 4715-4722.

Ligand binding preferences

BBH-1 binding in Mpro active site 
Kneller, D. W., et al. (2022). Nature Communications 13, 2268.
 

Water network in concanavalin A (PDB code:1XQN) 
Blakeley, M. P., et al. (2004). PNAS 101, 16405-16410.

1

1.008

H
matter!



Some H atoms are often undetected at 

(sub-)atomic resolution (<1.2 Å) 

Hydrogen atoms ‘ ’ in X-ray structures 

X-rays interact with electron cloud H atoms are invisible in electron density maps at 

typical resolutions (2.0 Å) 

PDB code: 3KYU
grey: 2mFo−DFc electron density map
green: hydrogen-omitted mFo − DFc map
Gardberg, A. S., et al., (2010). Acta Cryst. D66, 558–567.

Fisher, Z., et al., (2005). Biochemistry 44, 1097-1105.

PDB code: 1TBT 
grey: 2mFo−DFc electron density map
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X-ray scattering (10−12 cm) proportional to Z

0.28    1.69         1.97       2.25       4.50

1H      12C      14N      16O     32S  
1             6              7            8             16
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Neutrons reveal H atom positions  

• Neutrons interact with atomic nuclei

• Scattering permits a detailed discrimination of isotopes

• Non-destructive probe (room-temperature data collection)

reflections

Background scattering

⤻

⤻

coherent 
(10−12 cm) 

incoherent 
(10−12 cm) 

2.527       0.404     0.00    0.200    0.00     0.00

1H       2H      12C         14N         16O    32S

-0.374    0.667   0.665     0.937      0.580    0.280

neutron scattering length (b)

Sears, V. F. (1992). Neutron News 3, 26-37.



Neutrons reveal H atom positions  

1H/2H exchange:
Improve the signal-to-noise ratio

Reduce the background scattering

Clearer visualization of neutron scattering density maps

No cancellation effects (perdeuterated structures)

PDB code: 1CQ2
grey: 2mFo−DFc neutron scattering length density map
green: deuterium-omitted mFo − DFc map
Shu, F., Ramakrishnan, V., & Schoenborn, B. P. (2000). PNAS 97(8), 3872–3877.

2.0 Å

Y146



Limitations

• Low flux of neutron beams
• Long data collection time (several days or weeks) 
• Large crystals (>0.1 mm3)
• Small number of neutron beamlines worldwide

Neutron PDB (226)

X-ray PDB (186,358) EM  PDB (21,391)

Source PDB: (https://www.rcsb.org/) Date: 13th July 2024

Neutron macromolecular crystallography  



Hydrogen density in EM

@biochem_fan

Apoferritin at 1.22 Å GABAAR at 1.7 Å

green: hydrogen-omitted Fo - DFc maps

Nakane, T., et al. (2020). Nature 587, 152-156.

Peak for X-ray

Peak for neutrons

Mott-Bethe formula

Electron scattering by H atom



Keitaro Yamashita
Lowest resolution to see hydrogens?  X

β-galactosidase from T. maritima at 2.0 Å
PDB: 6s6z / EMD-10109

green: hydrogen omit weighted Fo-DFc maps 

β-galactosidase from E. coli at 1.9 Å
PDB: 6cvm / EMD-7770

Bartesaghi, A.,et al. (2018). Structure 26, 848-856.e843. Míguez Amil, S., et al. (2020). ACS Chem. Biol. 15, 179-188.

Hydrogen density in EM



New developments in REFMAC5 
for neutron refinement



Vagin, A. A. et al., (2004). Acta Cryst. D60, 2184-2195

Restraints help to ensure that the model is chemically sensible 

They are organised in the CCP4 Monomer Library 35,298 monomers
>100 of modifications and links 

peptide
(amino acids)

ALA                       ASN                                 TYR                  TRP 

nucleotides

U                         C                              G                                  A 

carbohydrates

NAG                    MAN                 GLC                            SIA 

non-polymer
(ligands)

GOL              LZA                      ADE                           CFF
We need this!

Nicholls, R. A. et al. (2021). Acta Cryst. D77, 712-726

Restraints for Macromolecular Refinement



Peak for X-ray

Peak for neutrons

Restraints for Neutron crystallography and EM

CSD-2009 CSD-2021 ratio 2021:2009

All 1213 2362 1.95

Organic 811 1452 1.79

With coordinates, R ≤ 0.10 664 1220 1.84

With coordinates, R ≤ 0.10* 561 1068 1.90

With coordinates, R ≤ 0.075* 461 894 1.94

With coordinates, R ≤ 0.05* 302 604 2.00

Metal-organic 402 910 2.26

Powder studies 217 707 3.26

Neutron studies in the Cambridge Structural Database (CSD) 

*Structures counted have no disorder and no residual coordinate errors



CSD-2021 neutron dataset analysis

Restraints for Neutron crystallography and EM

647 organic compounds :

• non-polymeric

• without disorder

• with R-factors ≤ 0.075 

Tools: ConQuest, Mercury

mean
median



Restraints for Neutron crystallography and EM

Quantum Mechanics (QM) calculations
• 2652 small molecules from DrugBank 

• DFT calculations at B3LYP/6-311++G** level of theory

• Tools: AceDRG, GAMESS-US

Fei Long

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.

 CSD-2009 CSD-2021 QM 

 µ s m n µ s m n µ s m n 

C(sp1)–H 1.042 0.022 1.044 5 1.042 0.022 1.044 5 1.063 - 1.063 9 

C(sp2)–H 1.082 0.013 1.084 109 1.083 0.015 1.085 163 1.087 - 1.085 538 

C(sp3)–H 1.089 0.010 1.091 1118 1.087 0.010 1.092 1397 1.093 - 1.093 12985 

C(ar)–H 1.083 0.017 1.085 721 1.084 0.018 1.085 1251 1.083 - 1.083 3906 

C(sp2)–N–H 1.013 0.010 1.012 141 1.014 0.012 1.013 177 1.010 - 1.009 1055 

C(sp3)–N–H 1.002 0.010 1.002 4 1.002 0.052 1.018 68 1.020 - 1.019 1172 

C(sp3)–O–H 0.970 0.012 0.971 169 0.969 0.018 0.972 186 0.966 - 0.964 1229 

S–H 1.338 - 1.338 1 1.338 - 1.338 1 1.345 - 1.345 83 

 The letters μ, σ, m and n represent the mean, standard deviation, median, and number of observations 



Inclusion of  hydrogen nucleus distances

in the CCP4 Monomer Library

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.

Restraints for Neutron crystallography and EM



Treatment of hydrogen atoms

• The concept of riding hydrogen model (‘riding H’) relies on the fact that the coordinates of most 
(but not all) H atoms in proteins can be unambiguously expressed through the coordinates of 
their covalently bound non-H atoms, known as ‘parent’ atoms. 

• For routine refinement, the riding model is very efficient, for example, for amide H atoms in the 
protein backbone, for those bound to Cα atoms, for those attached to aromatic carbon atoms. 
These H atoms are often referred as ‘fixed’ H atoms. 

• REFMAC5 generates riding H positions using the information from the CCP4-ML restraints. A H 
atom must be away from its parent at a distance equal to the ‘ideal’ distance and it must obey 
chirality and planarity rules.

The riding hydrogen model 



• ‘Rotatable’ hydrogen atoms: single hydrogen atoms 

with rotational degrees of freedom

• H atoms on hydroxyl (–OH) groups of Tyr, Thr, Ser 

and thiol (–SH) groups of Cys 

• The accurate position of a ‘rotatable’ H atom can 

only be determined based on experimental data 

Treatment of hydrogen atoms

Placing ’rotatable’ hydrogen atoms



Before After

Thr27 Thr27

Rubredoxin 1.5 A, PDB code: 1VCX
 Kurihara, K., et., al. (2004). PNAS. 101, 11215-11220

Treatment of hydrogen atoms

Placing ’rotatable’ hydrogen atoms
a program has been written using GEMMI  that enables the automatic 

placement of these H atoms in real-space based on their fit to the 

density maps:

1. calculation of an H-omit mFo−DFc  map by removing from the 

model the rotatable H atoms for Tyr, Ser, Thr and Cys residues.

2. calculation of favourable H positions (two for Tyr; three for Ser, 

Thr and Cys) based on parent atom positions and torsion 

angles.

3. optimisation of H positions by best fit to the mFo−DFc neutron 

scattering length density maps. 

grey: 2mFo−DFc neutron scattering length density map
green: H-omitted mFo − DFc map



Treatment of hydrogen atoms

Protonation states



Treatment of hydrogen atoms

• Asp and Glu side chains are predominantly deprotonated at physiological conditions, thus the CCP4-ML 

provides their component dictionary entries in the deprotonated forms. 

• the imidazole of His is typically found in a singly protonated state at physiological pH, with the residue that can 

exist as either Nε2 protonated tautomer or Nδ1 protonated tautomer. The CCP4-ML provides the His 

component dictionary entry as doubly protonated.

• Within CCP4, the determination of protonation (or deprotonation) forms is achieved by applying 

modifications to the current monomer to ensure proper geometry is maintained during refinement 

Protonation states



• Modifications (mmCIF) describing protonation of Asp, Glu and 

His are generated using AceDRG

protonation for Asp25 and Asp125 in HIV-1 Protease (PDB entry 6PTP) 

Kumar, M., et., al. (2020). ACS Omega 5, 11605-11617.

Before After

Treatment of hydrogen atoms

Protonation states



In the model, use _atom_site.ccp4_deuterium_fraction instead of having 1H and 2H atoms separately

Deuterium fraction parameterisation

𝑓! 𝑠 	= 1 − 𝑚!	 𝑏# +𝑚!𝑏$

fi(s) is the total contribution of protium 1H and 2H isotopes to the scattering factor of the  i-th H atom 

s is the Fourier space vector

mi is the deuterium fraction parameter that is an adjustable parameter

bH and bD are the neutron scattering lengths of 1H (-0.374×10-12 cm) and 2H (0.667×10−12 cm) isotopes, respectively 

Neutron refinement with REFMAC5/refmacat

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.



Deuterium fraction parameter

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.



Deuterium fraction parameter

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.



X-ray reference structure restraints 
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J. T. Barron, 2019 IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), 2019, pp. 4326-4334

x = dmodel – dref , is the difference between model and 
reference structure interatomic distances

small or negative values of 𝛂 increase robustness

BMBS PhD symposium 26th May 2022

• neutron models are often poor in geometric quality

• the geometry of all non-H atoms is more accurately determined by X-ray. 

• X-ray models are almost always available before a corresponding neutron structure.

• Interatomic distances between non-H atoms are restrained to the reference X-ray structure

 

Neutron refinement with REFMAC5/refmacat



Re-refinement of neutron 
PDB entries



Neutron entries in the PDB  

Source PDB: (https://www.rcsb.org/) Date: 13th July 2024



~70% of all neutron PDB entries are enzymes

Neutron entries in the PDB  

Source PDB: (https://www.rcsb.org/) Date: 13th July 2024



~70% of all neutron PDB entries are enzymes

Neutron entries in the PDB  

Hydrolases (EC 3): e.g., trypsin, HIV-1 protease, β-lactamase
 
Oxidoreductases (EC 1): e.g., heme peroxidases 

Lyases (EC 4): e.g., carbonic anhydrase II 

Isomerases (EC 5): e.g., xylose isomerases 

Transferases (EC 2): e.g., aminoglycoside acetyltransferase

Source PDB: (https://www.rcsb.org/) Date: 13th July 2024



Neutron entries in the PDB  

Transport proteins: e.g., myoglobin, hemoglobin 
 
Sugar binding proteins: e.g., concanavalin A 

DNA/RNA: e.g., B and Z-forms of DNA, Sarcin-Ricin loop RNA
 
Others: e.g., signaling proteins, fluorescent proteins, etc.

(11.5%)

Source PDB: (https://www.rcsb.org/) Date: 13th July 2024



Re-refinement of neutron PDB entries – deuterium fraction

97 neutron models (out of 213 at the time of testing)

55 neutron-only, 42 joint X-ray/neutron

Strategy:
• Refinement against neutron data only
• Refinement of deuterium fraction parameter for only 

polar H atoms in case of 1H/2H-exchanged samples or all 
H atoms in case of perdeuterated samples

PDB information REFMAC5 refinement statistics

PDB 

code

Published 

resolution 

(Å)

Published R 

(work/free) (%)

Initial R 

(work/free)

(%)

Final R 

(work/free)

(%)

Data 

completeness

(%)

No. of 

reflections

1C57 15.79-2.40 27.0/30.1 29.7/33.0 19.9/25.4 87.38 8129

1CQ2 6.00-2.00 16.0/25.0 18.6/25.7 14.9/24.7 91.07 7528

1WQ2 20.00-2.40 22.9/28.9 28.6/32.1 21.5/28.7 92.29 6232

1XQN 32.82-2.50 26.6/32.0 30.0/31.5 23.0/29.4 74.99 6088

2EFA 80.00-2.70 21.6/29.1 24.3/27.6 22.3/28.0 95.66 2154

2GVE 10.00-2.20 26.8/31.9 26.3/30.3 23.4/29.8 93.73 22133

3RZ6 21.77-1.75 20.8/23.8 25.2/25.6 21.3/25.1 79.55 4215

4AR3 15.71-1.05 19.9/23.7 19.7/23.0 18.8/22.4 88.73 21580

4AR4 27.46-1.38 18.6/22.6 17.9/22.1 15.5/21.0 91.56 9958

4C3Q 10.00-2.20 19.2/24.0 21.3/25.1 17.3/24.2 88.19 13256

4FC1 10.00-1.10 21.1/25.3 22.8/25.5 21.5/24.1 76.85 10549

4Q49 20.00-1.80 18.7/21.5 18.6/20.9 15.5/20.4 89.45 18803

5A90 38.91-1.70 19.2/22.7 21.1/24.1 18.9/23.2 88.61 28772

5GX9 33.45-1.49 15.8/20.0 17.3/21.0 17.0/20.9 93.50 14375

7KKW 14.65-2.30 24.9/30.2 27.9/31.8 22.5/31.6 98.38 20628

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.

Re-refinement of selected neutron-only models from the PDB 



Re-refinement of neutron PDB entries – deuterium fraction

97 neutron models (out of 213 at the time of testing)

55 neutron-only, 42 joint X-ray/neutron

Strategy:
• Refinement against neutron data only
• Refinement of deuterium fraction parameter for only 

polar H atoms in case of 1H/2H-exchanged samples or all 
H atoms in case of perdeuterated samples

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.

PDB information REFMAC5 refinement statistics 

PDB 
code 

Published 
resolution (Å) 

Published R 
(work/free) 

(%) 

Initial R 
(work/free) 

(%) 

Final R 
(work/free) 

(%) 

Data 
completeness 

(%) 

No. of 
reflections 

3R98 53.54-2.40 20.7/25.1 20.8/26.1 18.4/25.7 74.99 11610 

3R99 53.54-2.40 20.7/25.0 20.8/26.1 18.5/25.6 74.99 11610 

3VXF 44.87-2.75 18.3/23.4 17.7/23.6 17.0/24.3 73.72 7670 

3X2O 18.83-1.50 22.8/25.1 23.6/25.6 21.1/24.0 93.49 23109 

4CVI 39.84-2.41 17.6/24.3 17.6/23.8 14.8/22.9 73.74 11426 

4NY6 26.77-1.85 17.6/22.4 19.6/22.3 15.2/21.1 89.97 4654 

4QDW 20.00-1.80 16.6/17.9 19.2/18.2 16.2/17.5 72.86 31459 

4XPV 20.00-2.00 26.4/30.4 27.3/30.0 24.8/29.9 80.58 11251 

5CG5 53.57-2.40 18.6/22.9 19.3/22.9 17.5/22.8 98.45 17458 

5MOO 22.09-1.43 17.0/18.5 19.9/20.9 18.0/20.3 93.83 36397 

5MOQ 25.43-1.50 15.0/16.7 17.1/18.5 15.3/18.5 89.39 30123 

5MOR 19.67-1.49 19.6/20.7 22.8/23.8 18.9/22.0 93.38 32293 

5MOS 22.15-1.50 16.6/18.0 18.7/19.5 16.9/19.8 88.77 30027 

6EXY 28.20-1.70 15.0/18.7 18.6/19.5 15.8/19.5 95.37 14401 

6U0F 13.79-2.00 21.9/24.1 25.2/26.5 20.6/25.9 86.6 12087 

 

Re-refinement of selected joint X-ray/neutron models from the PDB 



Re-refinement of neutron PDB entries

Strategy:

• for the ‘neutron-only’ entries the corresponding X-ray reference structures 
were chosen based on their high structural similarity to the neutron refined 
structures using ‘Find Similar Assemblies’ option from the PDB. 

• For the joint X-ray/neutron structures these models were subjected to 
refinement against their corresponding X-ray data using REFMAC5 (10 
refinement cycles). The output model obtained from this refinement 
process was subsequently employed as a reference model for the 
generation of external restraints using ProSMART.

• Refinement of deuterium fraction parameter

Reference structure restraints

PDB  
code 

Published  
resolution 
(low-high) 

(Å) 

Published  
R values  

(work/free) 
 (%) 

REFMAC5 
R values 

(work/free) 
(%) 

Neutron X-ray Neutron X-ray Neutron X-ray Neutron refinement 
with  

external restraints 

1C57 1DQ6 15.79-2.40 8.00-1.90 27.0/30.1 18.6/NA 20.2/24.9 

2EFA 1B2A 80.00-2.50 55.00-1.70 21.6/29.1 18.8/23.0 21.9/25.3 

2YZ4 1DQ6 33.64-2.20 8.00-1.90 27.9/31.2 18.6/NA 21.7/27.3 

2ZPP 1B2G 20.00-2.50 10.00-1.80 22.1/26.0 20.0/22.6 20.8/25.4 

3R98 3R98 53.54-2.40 43.89-2.10 20.7/25.1 16.6/20.3 17.8/25.2 

3R99 3R99 53.54-2.40 43.89-2.10 20.7/25.0 16.6/20.3 17.9/25.3 

3VXF 3VXF 44.87-2.75 29.22-1.60 18.3/23.4 16.1/18.4 16.8/23.5 

3X2O 3X2O 18.83-1.50 28.23-1.00 22.8/25.1 13.5/15.3 21.2/23.9 

3X2P 3X2P 19.68-1.52 37.75-0.99 21.8/26.0 13.4/14.2 22.0/25.7 

4CVI 4CVI 39.84-2.41 14.80-2.10 17.6/24.3 13.4/17.6 14.0/22.8 

4DVO 4DVO 20.00-2.00 29.90-1.55 19.0/21.4 NA/NA 18.4/22.2 

4GPG 4GPG 37.61-1.98 50.00-1.89 19.5/25.9 14.6/20.3 20.9/25.7 

4PVN 4PVN 52.28-2.30 43.13-1.95 20.9/26.2 15.6/18.5 18.7/26.8 

5CG6 5CG6 22.12-2.40 44.31-1.70 26.0/28.7 19.6/21.1 24.0/27.8 

5XPE 5XPE 17.02-2.09 46.50-1.64 22.5/27.8 15.5/18.5 20.5/29.7 

5ZN0 5ZN0 33.76-1.90 36.01-1.10 18.8/24.7 18.6/21.2 16.7/25.5 

6BQ8 6BQ8 40.00-2.20 10.00-2.00 23.2/28.8 19.9/24.5 19.7/29.2 

6EXY 6EXY 28.20-1.70 31.93-1.10 15.0/18.7 12.3/13.7 16.0/19.8 

6U0E 6U0E 14.51-1.89 29.01-2.10 21.7/25.4 18.4/23.5 21.4/26.7 

7D6G 7D6G 26.33-2.10 40.00-1.65 17.7/21.9 15.7/18.6 14.6/22.1 

7TX4 7TX4 12.75-2.35 61.05-1.90 17.7/25.9 16.6/22.4 15.2/26.0 

 

improve both the Rwork and Rfree values for low resolution 
neutron structures by ~2–3 percentage points in certain cases

Catapano, L., et al., (2023). Acta Crystallographica Section D 79, 1056-1070.



Cyanobacterial iron binding protein 

1.7 Å 

RT X-ray

coordination sphere second shell

FeTyr13 Tyr143 Tyr199 Tyr200 W1 Arg103 Arg203

-1 -1 -1 -1 0 +1 +1 +2 Ferrous

Bolton, R., et al., (2024). Proc. Natl. Acad. Sci. U. S. A. 121, e2308478121.

Rachel Bolton & Ivo Tews

Neutron studies of iron binding protein FutA 

X-ray induce photoreduction of ferric (Fe3+ ) FutA 

Neutron structure reveals the protonation states of 
iron coordinating residues 

coordination sphere second shell

FeTyr13 Tyr143 Tyr199 Tyr200 W1 Arg103 Arg203

-1 -1 -1 -1 0 +1 too far +3 Ferric

2.1 Å W1



Availability

CCP4 CloudCCP4i2

Documentation in progress…



Future work

• Development of algorithms for the precise arrangement of water molecules. Specifically, they will focus 
on refining the orientation of hydrogen positions within these molecules, utilising information derived from 
density maps. 

• In addition to considerations driven solely by map-based criteria, these algorithms must incorporate 
information on hydrogen bonding interactions. This inclusion is essential for obtaining a more 
comprehensive understanding of the molecular landscape. 

• Further experiments with UOX in complex with the natural substrate UA are important. These, however, will 
require the use of cryo-trapping as the 5-PIU intermediate is short lived and thus unstable during the long 
neutron diffraction experiments
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