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SUMMARY:  23 
Neutron protein crystallography is a structural technique that permits the localization of 24 
hydrogen atoms, thereby providing important mechanistic details of protein function. We 25 
present here the workflow for mounting a protein crystal, neutron diffraction data collection, 26 
structure refinement and analysis of the neutron scattering length density maps. 27 
 28 
ABSTRACT:  29 
Neutron crystallography is a structural technique that allows determination of hydrogen atom 30 
positions within biological macromolecules, yielding mechanistically important information 31 
about protonation and hydration states while not inducing radiation damage. X-ray diffraction, 32 
in contrast, provides only limited information on the position of light atoms and X-ray beams 33 
rapidly induces radiation damage of redox cofactors and metal centers. Presented here is the 34 
workflow employed for the IMAGINE and MaNDi beamlines at Oak Ridge National Laboratory to 35 
obtain a neutron diffraction structure once a protein crystal of suitable size (> 0.1 mm3) has been 36 
obtained. We demonstrate mounting of hydrogenated crystals in quartz capillaries for neutron 37 
diffraction data collection. Also presented is the vapor exchange process of the mounted crystals 38 
with D2O-containing buffer to ensure replacement of hydrogen atoms at exchangeable sites with 39 
deuterium. The incorporation of deuterium reduces the background arising from the incoherent 40 
scattering of hydrogen atoms and prevents density cancellation caused by their negative 41 
coherent scattering length. Sample alignment and room temperature data collection strategies 42 
are illustrated using quasi-Laue data collection at IMAGINE at the High Flux Isotope Reactor 43 
(HFIR). Furthermore, crystal mounting and rapid freezing in liquid nitrogen for cryo-data 44 
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collection to trap labile reaction intermediates is demonstrated at the MaNDi time-of-flight 45 
instrument at the Spallation Neutron Source. Finally, preparation of the model coordinate and 46 
diffraction data files and visualization of the neutron scattering length density (SLD) maps will be 47 
addressed. Structure refinement against neutron data-only or against joint X-ray/neutron data 48 
to obtain an all-atom structure of the protein of interest will finally be discussed. The process of 49 
determining a neutron structure will be demonstrated using crystals of the lytic polysaccharide 50 
monooxygenase Neurospora crassa LPMO9D, a copper-containing metalloprotein involved in the 51 
degradation of recalcitrant polysaccharides via oxidative cleavage of the glycosidic bond. 52 
 53 
INTRODUCTION:  54 
Neutron macromolecular crystallography is a technique that provides a unique window into the 55 
structure and underlying chemistry of proteins. Conceptually similar to X-ray diffraction, neutron 56 
diffraction provides atomistic details of macromolecular structure, however, the interaction of 57 
neutrons with nuclei enables localization of light atoms, often difficult to detect with X-ray 58 
diffraction1. During X-ray diffraction, X-rays scatter from the electron cloud, making light atoms 59 
such as hydrogen (H) poorly visible in electron density maps that do not have near sub-Ångström 60 
resolution2. In contrast, the scattering intensity of neutrons depends on complex interactions 61 
with the nucleus, with isotopes of the same element displaying different scattering lengths. 62 
Therefore, light atoms and their isotopes, such as hydrogen (1H) and deuterium (2H or D), have 63 
comparable visibility to the backbone carbon, nitrogen and oxygen atoms in neutron scattering 64 
length density (SLD) maps. Furthermore, since the magnitude of neutron scattering is 65 
independent of the number of electrons, scattering from light elements is not obscured by heavy 66 
elements when they are in close vicinity to each other, as is observed in X-ray scattering. The 67 
enhanced visibility of H and its isotope D when employing neutron diffraction provides valuable 68 
information about the protonation state of catalytically important residues, cofactors and ligands 69 
and aids the orientation of water molecules, revealing important information about catalytic 70 
mechanisms and protein chemistry3. Neutron diffraction also offers the advantage of being a 71 
non-destructive technique, particularly suited to biological samples sensitive to ionization such 72 
as proteins with metal centers or photosensitive redox cofactors2. The primary focus of this 73 
article is to provide an overview of the workflow to obtain a high-quality neutron protein 74 
diffraction structure, we refer the interested reader to Podjarny et al.4, Blakeley5, Blakeley et al.6 75 
and O‘Dell et al.3 for an excellent overview of neutron protein diffraction and Ashkar et al.7 for 76 
further applications of neutron scattering. 77 
 78 
Neutrons are primarily generated during nuclear reactions employing either of two processes: 79 
nuclear fission at reactor sources or spallation at accelerator-based sources8. Reactor sources 80 
provide a continuous neutron beam by employing nuclear fission of the 235U isotope while 81 
spallation neutron sources produce a pulsed neutron beam by bombarding a target, for example 82 
a liquid metal such as mercury, with protons9. Oak Ridge National Laboratory (ORNL) in Oak 83 
Ridge, Tennessee, hosts both a steady-state neutron source at the High Flux Isotope Reactor 84 
(HFIR) and a 60 Hz pulsed sourced at the Spallation Neutron Source (SNS). The IMAGINE 85 
beamline, located at the HFIR, is a neutron diffractometer optimized for biological 86 
macromolecules (Supplementary Figure 1)10. IMAGINE employs a neutron image plate detector 87 
to measure quasi-Laue data using a narrow bandpass in the range of 2.8 – 4.5 Å from single 88 



   

 

crystals with unit cell edges <150 Å. The Macromolecular Neutron Diffractometer (MaNDi), 89 
located at the SNS, is a time-of-flight (TOF) Laue neutron diffractometer equipped with 90 
a spherical detector array frame (DAF) (Supplementary Figure 2)11. MaNDi measures data from 91 
single crystals with unit cell edges in the range of 10 – 300 Å by employing a tunable 2 Å-92 
wavelength bandwidth between 2.0 – 6.0 Å12.  93 
 94 
The process of generating neutrons is highly energy intensive, resulting in relatively weak neutron 95 
beam fluxes when contrasted to X-ray beam fluxes at synchrotron sources13. To ensure sufficient 96 
signal-to-noise ratios during data collection, it is necessary to grow crystals of suitable size and 97 
quality14. Typically, crystals with volumes > 0.1 mm3 are needed to collect data with adequate 98 
statistics15. In addition to lower fluxes, inherent properties of the interaction between neutrons 99 
and the sample nuclei must be taken into consideration16. The scattering length of neutrons 100 
differs for isotopes of the same element, a property which can be advantageously exploited in 101 
small angle neutron scattering (SANS) to mask or highlight regions of a sample – a process known 102 
as contrast matching17. In diffraction experiments, the negative coherent neutron scattering 103 
length of H (-3.741 fm for 1H) can lead to cancellation of neutron scattering density map features 104 
since the coherent neutron scattering lengths of other biologically relevant atoms, including 105 
carbon (6.6511 fm for 12C), nitrogen (9.37 fm for 14N), oxygen (5.803 fm for 16O), phosphorus 106 
(5.13 fm for 31P) and sulfur (2.804 fm for 32S), are positive (Table 1)12,14. Furthermore, the large 107 
incoherent scattering length of H (25.274 fm), increases the background, hampering the quality 108 
of the dataset and compromising data resolution7. To circumvent these limitations introduced by 109 
H it is necessary, for neutron diffraction, to exchange H for its isotope deuterium, 2H(D), which 110 
has a positive coherent neutron scattering length (6.671 fm) and significantly lower incoherent 111 
scattering length (4.04 fm)19. This can be achieved by perdeuteration, a process in which the 112 
protein is expressed by organisms grown in fully deuterated media ensuring complete 113 
incorporation of D at H sites20. It is also possible to partially deuterate protein by replacing H with 114 
D solely at the exchangeable sites (titratable groups) while the non-exchangeable carbon-bound 115 
sites remain hydrogenated21. This can be achieved by growth of hydrogenated protein crystals in 116 
deuterated mother liquor22. Most commonly however, H/D exchange of hydrogenated proteins 117 
is performed by vapor exchange following growth of suitably large crystals in H2O-based buffer23. 118 
In such cases, crystals are mounted in a quartz capillary and vapor-equilibrated with deuterated 119 
mother liquor.  120 
 121 
The limited neutron fluxes at neutron sources result in longer data collection times, ranging from 122 
days to several weeks24. At ORNL, both IMAGINE and MaNDi employ a narrow wavelength 123 
bandpass in the 2–6 Å range to optimize data collection25. Data can be collected at room 124 
temperature, or at cryo-temperature that can potentially improve data quality and opens up the 125 
possibility for freeze-trapping catalytic intermediates. Following neutron diffraction data 126 
collection, an X-ray dataset is typically collected on the same crystal at the same temperature or 127 
on a crystal grown under identical conditions26. Data collection at the same temperature allows 128 
structure refinement to be performed against both X-ray and neutron data, preventing any 129 
potential temperature-induced artefacts such as changes in the visibility and position of waters 130 
or the occupancies of residue alternate conformations.27 Joint X-ray neutron data refinement 131 
increases the data-to-parameter ratio and provides the advantage of allowing the protein 132 



   

 

backbone coordinates to be refined against the X-ray data, while the neutron diffraction data is 133 
used to refine the position of the H/D atoms28. This is particularly useful using partially 134 
deuterated samples, and density cancellation due to H atoms at non-exchangeable sites on the 135 
protein is present. Although the number of X-ray structures far exceeds the number of neutron 136 
structures deposited in the Protein Data Bank (PDB), software packages initially designed for the 137 
refinement of X-ray data have been expanded to encompass neutron data as well3,29,30. Following 138 
data collection, models can be refined using refinement packages such as phenix.refine, CNSsolve 139 
(nCNS) or SHELXL28, 31–33. During the refinement process, neutron scattering density maps can be 140 
visualized for manual fitting using COOT34. Following structure solution, the coordinate and 141 
density files of neutron and/or X-ray data can be submitted to the PDB, who will validate and 142 
deposit the model, making it available for public acess18,29,30. 143 
 144 
Structural analysis of proteins is a multifaceted approach in which numerous techniques are used 145 
to probe their function and mechanism35. Neutron protein crystallography provides valuable 146 
chemical insights to expand on and complement findings from additional studies such as X-ray, 147 
NMR or micro crystal electron diffraction (microED)36. Neutron protein diffraction is uniquely 148 
positioned to provide insights into enzymatic mechanisms, since H atoms are central to their 149 
chemistry. The absence of radiation damage induced by neutrons make them a probe 150 
exceptionally suited to the study of metalloproteins37. We present here a representative example 151 
of the process of neutron protein diffraction from sample preparation to data collection, 152 
refinement and analysis (Figure 1). Crystals of sufficient size for neutron diffraction experiments 153 
have been grown of the metalloprotein Neurospora crassa LPMO9D (NcLPMO9D). NcLPMO9D is 154 
a copper-containing metalloprotein involved in the degradation of recalcitrant cellulose by 155 
oxygen atom insertion at the glycosidic bond38,39. The NcLPMO9D active site contains a 156 
mononuclear copper center within a characteristic “histidine-brace” composed of the N-terminal 157 
histidine and a second conserved histidine (Supplementary Figure 3)40. The N-terminal of fungal 158 
LPMOs is methylated but the post-transitional modification does not occur during recombinant 159 
expression in yeast. In the NcLPMO9D resting state, the copper center is present in a Cu2+ 160 
oxidation state and is activated by single electron reduction to Cu1+, allowing molecular oxygen 161 
to bind and be activated by rapidly being reduced to a superoxide species41,42. The overall 162 
NcLPMO9D reaction requires further addition of one electron and two protons to form the 163 
hydroxylated polysaccharide product43. The identity of the activated oxygen species responsible 164 
for hydrogen atom abstraction (HAA) from the polysaccharide substrate has not been identified 165 
and intensive structural and computational studies are currently ongoing44,45. Given the redox 166 
chemistry at the NcLPMO9D active site, mitigation of radiation damage is particularly pertinent. 167 
We illustrate here room temperature and cryo-temperature data collection on NcLPMO9D to 168 
determine its structure in the resting state and its activated reduced form, respectively46. 169 
Emphasis will be given to protein crystal mounting, beamline instrument setup for data 170 
collection, the preparation of the data and coordinate files and the refinement steps necessary 171 
to model an all-atom neutron structure. 172 
 173 
PROTOCOL:  174 
 175 
1. Crystal size evaluation 176 



   

 

 177 
1.1. Measure the size of the crystals using a microscope equipped with normal and polarized 178 
light. Select crystals with a minimum volume of ~0.1 mm3. 179 
 180 
1.2. Label wells with sufficiently large crystals and note the crystallization conditions used to 181 
generate these crystals. 182 
 183 
2. Preparation of deuterated crystallization buffer 184 
 185 
2.1. Dissolve crystallization buffer components in D2O to generate deuterated crystallization 186 
buffer.  187 
 188 
2.2. Adjust pH of the buffer by calculating the pD of the solution using the following equation: 189 

 190 
pD = pHmeas + 0.4       (1) 191 

 192 
where pHmeas is the pH measured with a standard glass electrode. The original pH of the 193 
NcLPMO9D crystallization buffer was 6.0, therefore we will use a pHmeas of 5.6 for the deuterated 194 
crystallization buffer at pD 6.0. 195 
 196 
2.3. Immerse the pH meter electrode in D2O for ten minutes prior to use (Supplementary Figure 197 
5). 198 
 199 
2.4. Adjust the pHmeas to 5.6 by use of the base NaOD or the acid DCl. 200 
 201 
3. Crystal harvesting 202 
 203 
3.1. Place siliconized 22 mm round glass slides next to the crystallization tray from which crystals 204 
will be harvested. Use a clean glass slide per crystal (Figure 2A). 205 
 206 
3.2. Open the sealed sandwich box containing the protein crystals in the 9-well large volume 207 
siliconized glass plate. 208 
 209 

3.3. Remove 10-20 L from the crystallization reservoir solution with a micropipette and place 210 
the solution on the glass slide (Figure 2B). 211 
 212 
3.4. Harvest the crystal using a microloop of appropriate size and place the crystal in the reservoir 213 
solution drop on the glass slide to remove debris that are often harvested along with the crystal 214 
(Figure 2C and Figure 2D). 215 
 216 
NOTE: It will be necessary to work quickly since the small-volume droplets may evaporate. 217 
Exposed crystals are also at risk of drying out when exposed to the atmosphere. It may be 218 
necessary to add some reservoir solution to the protein drop to prevent crystals from drying out 219 
in small crystallization drop volumes.  220 



   

 

 221 
4. Crystal mounting 222 
 223 
NOTE: Capillary mounting protocols vary with experimentalist preferences. To prevent damage 224 
to crystals, capillaries that need to be shortened should be scored with a cutting stone or 225 
sandpaper to ensure a smooth break.  226 
 227 
4.1. Fill one end of a 2 mm diameter 50 mm length quartz capillary with reservoir buffer by 228 

capillary action or by directly pipetting ~10 L of reservoir buffer into the capillary (Figure 3A). 229 
 230 
NOTE: Users are encouraged to make use of quartz capillary tubes because in, addition to its 231 
mechanical strength, it is essential to limit neutron beam absorption and lower background 232 
contributions from the capillary. Glass capillaries introduce high background and absorb 233 
neutrons, compromising data quality. 234 
 235 
4.2. Gently place the crystal in the reservoir buffer in the quartz capillary using the mounting loop 236 
(Figure 3B and Figure 3C). 237 
 238 
4.3. Tap the tube to move the reservoir buffer and the therein suspended crystal down the 239 
capillary (Figure 3D). 240 
 241 
4.4. Place the crystal no closer than 13.5 mm and no further 27.5 mm from one end of the 242 
capillary; this will be the mounting end (Supplementary Figure 6). 243 
 244 
4.5. Aspirate the buffer solution around the crystal using a long thin pipette tip, leaving the 245 
slightly crystal wet. Do not touch the crystal (Supplementary Figure 7A). 246 
 247 
4.6. Dry the capillary walls with a thin paper wick (Supplementary Figure 7B). 248 
 249 

4.7. Pipette 20-50 L of deuterated buffer solution into the end of the capillary opposite the 250 
mounting end (Figure 4A).  251 

 252 
4.8. Melt beeswax with a heat “wand” and gently insert the capillary in this melted beeswax. 253 
Repeat until an airtight seal forms (Figure 4B and Figure 4C). 254 
 255 

4.9. Pipette a very small amount of deuterated buffer, approximately 5 L in the mounting end 256 
of the capillary to act as a “heat sink” for the hot beeswax. Dip this end in melted beeswax to 257 
generate an airtight seal as described previously to form a capillary sealed on both ends (Figure 258 
4D). 259 
 260 
4.10. Inspect the mounted crystal using a microscope after mounting to ensure airtightness 261 
(Figure 4E). 262 
 263 
4.11. Carefully secure the mounted crystals with Kim wipes in a container such as a 15-ml Falcon 264 



   

 

tube or Petri Dish and store horizontally at the temperature at which the crystals were grown 265 
(Figure 4F). 266 
 267 
5. Vapor exchange 268 
 269 
5.1.  Replace the deuterated buffer with fresh buffer two days after crystal mounting. 270 
 271 
5.2. Melt the wax seal furthest from the crystal with a heating loop, and use a pipette and paper 272 
wicks to remove the buffer. 273 
 274 

5.3. Refill the capillary with 20-50 L of deuterated buffer solution and seal with a wax seal. 275 
 276 
5.4. Repeat the deuterated buffer replacement twice more at four day intervals to ensure that 277 
deuterated buffer vapor exchange is complete and allow vapor exchange for at least two weeks.  278 
 279 
6. Neutron protein diffraction 280 
 281 
NOTE: Readers interested in the IMAGINE beam line specifics are encouraged to consult Meilleur 282 
et al. 2013, Meilleur et al. 201810, 47. 283 
 284 
6.1. Room temperature data collection at the IMAGINE beamline at HFIR 285 
 286 
6.1.1. Sample mounting 287 
  288 
6.1.1.1. Secure the capillary-mounted quartz capillary on the goniometer with putty.  289 
 290 
6.1.1.2. Mount the goniometer on the sample stick and center the crystal in the beam using the 291 
off-line alignment station.  292 
 293 
6.1.1.3. Secure the sample stick on the instrument sample stage (Figure 1B). 294 
 295 
6.1.1.4. Ensure that the experimental hutch is vacated and open the beamline shutter for 296 
neutron data collection. 297 
 298 
6.1.2. Data collection 299 
 300 
6.1.2.1. Open the data acquisition program on the beamline control computer and click on the 301 
Setup tab to set up the data collection strategy. Under Experiment Parameters type the sample 302 
name next to Sample Name and input the proposal number next to Proposal. Under Image 303 
Naming select Folder template and set the destination for the acquired data to be saved and 304 
select Image Prefix and type relevant frame name (Supplementary Figure 8). 305 
 306 
NOTE: Data collection at both IMAGINE and MaNDi will be performed in quasi-Laue mode, using 307 
methodology and software developed for Laue diffraction data collection as developed by 308 



   

 

Helliwell et al.48 and Nieh et al.49. 309 
 310 

6.1.2.2. Open the Optics GUI and click on 2.78 for min and 4.78 for max to set the quasi-Laue 311 
range for data collection (Supplementary Figure 9). 312 
 313 
6.1.2.3. Toggle to the Collect tab and under Next Scan Parameters insert the exposure time in 314 
seconds under Exposure, the number of frames under N Frames and the angles for data 315 

collection under /Frame. Name the frame to be collected under Image Prefix and initiate the 316 
data collection by clicking the Start Scan button (Supplementary Figure 10). 317 
 318 
6.1.2.4. The diffracted neutrons will be detected by the Image Plate Detector. At the end of each 319 
exposure, the image plate will be read and the pattern displayed on the data acquisition GUI 320 
(Supplementary Figure 11). 321 
 322 
6.1.2.5. Index, integrate, wavelength normalize, and scale frames using Lauegen, Lscale50 and 323 
Scala by the responsible beamline scientist, who will provide the user with the merged reflection 324 
file following data collection (Supplementary Figure 12). 325 
 326 
6.1.2.6. Collect a corresponding X-ray dataset on the same crystal at the same temperature 327 
following neutron diffraction data collection (Supplementary Figure 13). 328 
 329 
NOTE: A crystal grown from the same drop or under the same crystallization conditions can also 330 
be used for collecting X-ray diffraction data for joint neutron/X-ray refinement. 331 
 332 
6.2. Cryo data collection at the MaNDi beamline at the SNS 333 
 334 
NOTE: Readers interested in the beam line specifics are encouraged to consult Coates et al. 335 
(2015), Meilleur et al. 201810, 11.  336 
 337 
6.2.1. Sample mounting 338 
 339 
6.2.1.1. Prepare the deuterated ascorbate soaking solution for the reduction of the crystals and 340 

the deuterated cryoprotectant. Place 20 L drops of each of these solutions into sitting drop wells 341 
in a crystallization plate. 342 
 343 
NOTE: The cryoprotectant solution is usually the cryoprotectant that has proven effective for 344 
cryo-temperature X-ray diffraction data collection prepared in D2O. This cryoprotectant can be 345 
further optimized (e.g. concentration) for neutron data collection if necessary. 346 
 347 
6.2.1.2. Select loops for sample mounting and attach them to a cryo crystal mount following the 348 
MaNDi guidelines (Supplementary Figure 14). 349 
 350 
6.2.1.3. Fill a foam cryo-Dewar with liquid nitrogen. Place a metal cryo-protection sleeve within 351 
the liquid nitrogen to cool (Supplementary Figure 15A). 352 



   

 

 353 
6.2.1.4. Remove the wax plugs from both ends of the capillary and tap the capillary to move the 354 
buffer plug so that the mounted crystal is immersed in buffer. Wash the crystal out into the 20 355 

L reservoir solution drop in the sitting drop well (Supplementary Figure 15B and Supplementary 356 
Figure 15C). 357 
 358 
NOTE: This step is not required if H/D exchange was performed by equilibration of the 359 
crystallization drops against deuterated buffer or by direct soaking of the crystal in deuterated 360 
buffer. 361 
 362 
6.2.1.5. Immerse the crystal in the ascorbate soaking solution for two hours. Mount the crystal 363 
in a microloop attached to a cryo crystal mount. Immerse the mounted crystal in the 364 
cryoprotectant for 10 seconds and plunge the crystal and cryo mount into the liquid nitrogen to 365 
freeze (Supplementary Figure 15D). 366 
 367 
6.2.1.6. Once the crystal is frozen, use pre-cooled cryo pin tong and mount the crystal on the 368 
MaNDi sample stage fitted with a cryo-stream. Gently open the cryo pin tong and ensure that the 369 
crystal remains in the cryo-stream. 370 
 371 
6.2.2. Data collection 372 
 373 
6.2.2.1. Open the data collection software in which the experiment information will have auto-374 
populated. 375 
 376 
6.2.2.2. Click on the center of the crystal to center it with the computer-controlled goniometer 377 
(Supplementary Figure 16). 378 
 379 
6.2.2.3. Under Table, set up the data collection strategy by inputting the angles for data 380 
collection under “phi” as well as the total neutron beam exposure per frame under “Value” 381 
(Figure 21). 382 
 383 
6.2.2.4. Click on Submit to start data collection. 384 
 385 
6.2.2.5. As data collects, diffracted neutron will be visible (Supplementary Figure 17). Diffraction 386 
spots will become clearer as the exposure time increases, improving the signal-to-noise ratio 387 
(Figure 5).  388 
 389 
6.2.2.6. Index, integrate, wavelength normalize, and scale frames using Mantid and Lauenorm by 390 
the responsible beamline scientist, who will provide the user with the merged intensity file 391 
following data collection51. 392 
 393 
7. Structure refinement  394 
 395 
7.1. Joint X-ray and neutron data refinement 396 



   

 

 397 
7.1.1. Structure preparation 398 
 399 
7.1.1.1. Refine the X-ray data to obtain a protein structure using the phenix.refine software 400 
package and Coot for manual building to obtain a completed structure. 401 
 402 
7.1.1.2. Open CCP4 and select the Convert to/modify/extend MTZ program to match the R-free 403 
data flags of the neutron data to those of the X-ray data. Select to import the reflection file in 404 
MTZ format. Under In upload the obtained neutron MTZ file and upload the X-ray mtz file under 405 
Import FreeR MTZ (Supplementary Figure 18). Give a name for the new MTZ file under Out and 406 
click Run. 407 
 408 
7.1.1.3. Open the Phenix software package and click on ReadySet under Refinement Tools. Next 409 
to PDB file upload the PDB coordinate file refined against the X-ray data. Select to Add hydrogens 410 
to model if absent and select H/D at exchangeable sites, H elsewhere from the drop-down 411 
menu. Select Add deuteriums to solvent molecules and leave the remaining options on their 412 
default values (Supplementary Figure 19A). 413 

 414 
NOTE: If a perdeuterated protein is used, select the option Add hydrogens to model if absent 415 
and select H/D at exchangeable sites, D elsewhere. 416 
 417 
7.1.2. Structure refinement 418 
 419 
7.1.2.1. Open the phenix.refine program under the Refinement tab to set up the refinement 420 
using both X-ray and neutron data. In the Configure tab in Input files input the PDB file from the 421 
X-ray structure which has been processed with ReadySet and the necessary CIF restrains file for 422 
any relevant ligands. Upload the MTZ file from the neutron data with the Rfree flags assigned 423 
using CCP4 and assign this as “Neutron data” and “Neutron R-free” under the “Data type” 424 
heading. Upload the MTZ file from the X-ray data and assign this as “X-ray data” and “X-ray R-425 
free” under the “Data type” heading. The “Space group” and “Data labels” will auto-populate 426 
once the data has been uploaded (Supplementary Figure 19B).  427 
 428 
NOTE: When performing the refinement, and inputting the crystal information, use the unit cell 429 
determined from the X-ray data. 430 
 431 
7.1.2.2. Under the Configure tab in the Refinement settings keep the standard refinement 432 
strategy. Increase the number of cycles to five (Supplementary Figure 20) 433 
 434 
7.1.2.3. Select All parameters, click on Advanced and select Hydrogens…. Change the Hydrogen 435 
refinement model to individual and turn off the Force riding adp (Supplementary Figure 20). 436 
 437 
7.1.2.4. Select All parameters and open the Search parameters option. Search for the word 438 
nuclear and select to Use the nuclear distances for X-H/D (Supplementary Figure 20). 439 
 440 



   

 

7.1.2.5. Select Run to initiate the refinement. 441 
 442 
7.1.3. Model building  443 
 444 
7.1.3.1. Following the refinement in Phenix, click on Open in Coot in the Results tab to visualize 445 
the X-ray electron density and neutron SLD maps. Click on the Display Manager tab and under 446 
Maps click on Delete Map next to the _neutron maps to remove the neutron maps 447 
(Supplementary Figure 21). Click on File > Open MTZ, mmCIF fcf or phs…. Select the current 448 
refinement files and open the .mtz file. For both the Amplitudes and Phases option select the 449 
2FOFCWT_no_fill_neutron data from the dropdown menu. Repeat this and open the 450 
FOFCWT_neutron data. Open Display Manager and toggle to Scroll for both the neutron and X-451 
ray 2FOFCWT maps then scroll to decrease the rmsd of the 2FOFCWT maps to 1.00 (Supplementary 452 
Figure 21). Toggle to Scroll for both the neutron and X-ray FOFCWT maps and scroll to decrease 453 
the rmsd of the FOFCWT maps to 3.00. 454 
 455 
7.1.3.2. Perform visual inspection of the residues to determine whether the model fits the data. 456 
Determine the correct orientation and H/D occupancy of all exchangeable sites by analyzing 457 
difference density map peaks. This includes the hydroxyl groups of Serines, Threonines and 458 
Tyrosines; the nitrogen of Histidine, Glutamine, Asparagine and Lysine; the sulfhydryl of Cysteine; 459 
the carboxyl groups of Aspartate and Glutamate; backbone amide groups; ligands; cofactors and 460 
any potential functionalized residues.  461 
  462 
7.1.3.3. Reorient water molecules according to neutron density and hydrogen bond interactions 463 
by rotating them using the Rotate Translate Zone/Chain/Molecule feature (Supplementary 464 
Figure 22A and Supplementary Figure 22B). Adjust positions of protein residue H/D 465 
exchangeable sites using the Edit Chi Angles tool and the Rotate Translate Zone/Chain/Molecule 466 
feature (Supplementary Figure 22C and Supplementary Figure 22D).  467 
 468 
7.2. Structure refinement – neutron data-only refinement 469 
 470 
7.2.1. Structure preparation 471 
 472 
7.2.1.1. Open Phenix and select “Molecular Replacement” and select “Phaser-MR (full 473 
featured)” to phase the density file of scaled intensities provided by the instrument scientist by 474 
molecular replacement to generate a starting coordinate file in pdb format. Input the starting 475 
pdb structure in the “Input and general options tab and complete the Ensembles, ASU contents 476 
and Search Procedure options. 477 
 478 
7.2.1.2. Open Model tools and select PDB Tools. Insert the pdb file as the Input file. Navigate to 479 
the Options tab and under Remove atom selection select the names of the solvent, ligands, 480 
cofactors and metals. This removes all water molecules, cofactors, ligands and metal ions to 481 
generate a minimal model. Additionally, select to Remove alternate conformers from the model 482 
(Supplementary Figure 23). 483 
 484 



   

 

7.2.1.3. Select Refinement in Phenix and open ReadySet. Input the edited pdb coordinate file 485 
next to PDB file. Select to Add hydrogens to model if absent and select H/D at exchangeable 486 
sites, H elsewhere from the drop-down menu of Neutron refinement options (Supplementary 487 
Figure 23). 488 
 489 
7.2.2. Structure refinement 490 
 491 
7.2.2.1. Open the phenix.refine program under the Refinement tab in Phenix. In the Configure 492 
tab input the PDB file which has been processed with ReadySet under the input files box . In the 493 
Input files box upload the MTZ file from the neutron data and assign this as X-ray data and X-ray 494 
R-free under the Data type column even though it is neutron data. The refinement configuration 495 
set up in the next step will be used to treat the reflection files as neutron data. The Space group 496 
and Data labels will auto-populate once the data has been uploaded (Supplementary Figure 497 
24A).  498 
 499 
7.2.2.2. Under the Configure tab in the Refinement settings keep the standard refinement 500 
strategy. Increase the number of cycles to five. Under Other options select neutron from the 501 
Scattering table dropdown menu. Deselect the option to Update waters (Supplementary Figure 502 
24B). 503 
 504 
7.2.2.3. Select Allparameters>Advanced>Hydrogens. In the new window select Individual from 505 
the Hydrogen refinement model dropdown menu and turn off the Force riding adp 506 
(Supplementary Figure 20). 507 
 508 
7.2.2.4. Select All parameters > Search parameters… option. Search for the word nuclear and 509 
select to Use the nuclear distances for X-H/D (Supplementary Figure 20). 510 
  511 
7.2.2.5. Select to Run to initiate the refinement. 512 
 513 
NOTE: Following the initial refinement, it will be necessary to visually inspect the neutron SLD 514 
maps and perform manual model building in Coot. It may be necessary to insert ligands/cofactors 515 
present in the model. Subsequent refinements will require the necessary CIF restraints file for 516 
any relevant ligands and these should be uploaded in the Configure tab of phenix.refine. 517 
 518 
7.2.3. Model building 519 
 520 
7.2.3.1. Following the refinement in Phenix, click on Open in Coot in the Results tab to visualize 521 
the neutron SLD maps and structure. Click on the Display Manager tab and under Maps click on 522 
Delete Map to delete both the 2FOFCWT and FOFCWT maps (Supplementary Figure 25). Click on 523 
File > Open MTZ, mmCIF fcf or phs…. Select the current refinement folder and select the .mtz 524 
file. For both the Amplitudes and Phases option select the 2FOFCWT_no_fill data from the 525 
dropdown menu. Repeat by clicking on File > Open MTZ, mmCIF fcf or phs… and select the 526 
FOFCWT data from the dropdown menu for both the Amplitudes and Phases option. Open Display 527 
Manager and toggle to Scroll for the 2FOFCWT_no_fill map then scroll to decrease the rmsd of 528 



   

 

the 2FOFCWT_no_fill data to 1.00 (Supplementary Figure 25). Toggle to Scroll for the FOFCWT map 529 
and scroll to decrease the rmsd of the FOFCWT data to 3.00. 530 
 531 
7.2.3.2. Perform visual inspection of the protein structure to determine whether the model fits 532 
the neutron SLD map.  533 
 534 
7.2.3.3. As described in 7.1.3.2, determine the correct orientation and H/D occupancy of residues 535 
and groups with H/D exchangeable sites. Adjust residue positions using the Rotate Translate tool 536 
and Edit Chi Angles (Figure 6). If necessary, Real Space Refine Zone can be used. Fix D atoms that 537 
explode from the residue manually by using the text editor to insert the correct atom coordinates 538 
 539 
NOTE: Real Space Refine Zone is not optimized for neutron SLD maps in Coot and may result in 540 
irregular bond lengths for atoms bound to D, termed exploding residues (Supplementary Figure 541 
26). It is preferable to manually edit the necessary atomic coordinates and avoid use of Real 542 
Space Refine Zone.  543 
 544 
7.2.3.4. Insert and reorient water molecules according to neutron density. To add waters in Coot 545 
select the Place atom at pointer icon and select to insert a water molecule (Supplementary 546 
Figure 27A). Coot will insert an O atom at this position by default. 547 
 548 
7.2.3.5. To add D atoms to the O atoms of waters inserted in Coot use Phenix. Open the 549 
Refinement menu and click on ReadySet. Next to Neutron Refinement Options select only the 550 
option to Add deuteriums to solvent molecules. Deselect Add hydrogens to model if absent 551 
(Supplementary Figure 27B and Supplementary Figure 27C). 552 
 553 
NOTE: Model building using neutron-only data differs from model building of a joint X-554 
ray/neutron structure because there is no X-ray data to contribute to the refinement of the 555 
coordinates of the backbone and heavier atoms. In a joint refinement, the electron density map 556 
is initially used to determine the protein backbone and sidechain coordinates. This model is 557 
subsequently used in a joint X-ray/neutron data refinement in which the orientation and 558 
occupancy of H/D atoms is derived from the neutron SLD map. In a neutron-only refinement, the 559 
entire structure is derived from analysis of the neutron SLD maps, requiring building of the 560 
backbone, side-chains and ligands in addition to the H/D atoms. The data-to-parameter ratio is 561 
low in refinements against neutron data lone and caution should be taken not too overfit the 562 
data. 563 
 564 
REPRESENTATIVE RESULTS:  565 
Neutron diffraction data on crystals of a lytic polysaccharide monooxygenase from Neurospora 566 
crassa (NcLPMO9D) were collected on IMAGINE at the HFIR at room temperature and at MaNDi 567 
at the SNS under cryo-conditions following the protocol described above. Crystals of the 568 

hydrogenated protein grown in H2O-based buffer measuring ~1000 m by ~900 m with an 569 
approximate volume of 0.1 mm3 were used (illustrative example of large crystals are shown in 570 
Supplementary Figure 4 and figures thereafter). Crystals were mounted in quartz capillaries and 571 
vapor exchange with the D2O-based buffer was performed for three weeks prior to data 572 



   

 

collection (Figure 4).  573 
 574 
Room temperature data collection was performed on the IMAGINE beamline (Figure 1). A four-575 
hour white beam test lead to high resolution diffraction suggesting that the crystal was of suitable 576 
size and quality for a full dataset to be collected. In addition to providing preliminary information 577 
on the diffraction quality of the crystal, the broad bandpass exposure can be used to index the 578 
diffraction pattern and determine the crystal orientation matrix. Given the P21 space group of the 579 
crystal, a data collection strategy of 18 frames with a collection time of 20 hours per frame was 580 
implemented. As with X-ray diffraction data collection, higher symmetry space groups require 581 
fewer frames (i.e. less angular coverage) to collect a complete dataset. The data were collected 582 
in quasi-Laue mode using a wavelength range of 2.8 – 4.0 Å. Following data collection, the data 583 
were indexed, integrated scaled and merged to give a neutron SLD file in MTZ format at a 584 
resolution of 2.14 Å. Data were evaluated to be of sufficient quality following similar guidelines 585 
for X-ray data analysis, although a completeness of 80 % and a CC1/2 of at least 0.3 were 586 
considered acceptable since neutron protein diffraction is a flux-limited technique. 587 
 588 
Following room-temperature neutron diffraction data collection, the same crystal was used to 589 
collect a room temperature X-ray diffraction dataset at 1.90 Å resolution (Figure 17). The X-ray 590 
data were used to determine the positions of the “heavier” atoms including C,N,O and S. The 591 
structure refined against the X-ray data alone was then used as the starting model to perform a 592 
joint refinement against the X-ray and neutron data. Phenix ReadySet was used to add H atoms 593 
at non-exchangeable sites, H and D atoms at exchangeable sites and D atoms to water molecules 594 
of the starting X-ray model. Following this model preparation, iterative refinements were 595 
performed against both datasets (Figure 24). Interactive model building was performed in Coot 596 
by visually inspecting the density maps to orientate side-chains and water molecules accordingly. 597 
The neutron data were primarily used to determine protonation states and water molecule 598 
orientations. Comparison of the electron density map of residues such as serine and tryptophan 599 
and the corresponding neutron SLD map illustrate the information that can be gained on 600 
protonation states at H/D exchangeable sites from neutron protein diffraction (Figure 7). A map 601 
overlay of electron and neutron SLD maps for water molecules also indicate that while hydrogen 602 
bond interactions can be inferred from X-ray data, neutrons provide clear information regarding 603 
the position of these hydrogen bonds (Figure 8). Neutron SLD FO-FC omit maps were generated 604 
to determine protonation states and H/D orientation of side-chains. Illustrated are the neutron 605 
SLD maps obtained for tyrosine and threonine residues, in which the neutron Fo-FC maps clearly 606 
indicate positive peaks signifying the presence of H/D (Figure 9). The collected neutron diffraction 607 
data also provided valuable information about multiple protonation states, such as the -ND3

+ 608 
group of Lys (Figure 10). Refinement statistics (Rwork and Rfree) were closely monitored during 609 
model optimization to prevent over-fitting. Final statistics gave an X-ray Rwork of 12.77 % and an 610 
Rfree of 18.21%, and a neutron Rwork of 14.48% and an Rfree of 21.41% with 389 water molecules 611 
present (Supplementary Figure 28).  612 
 613 
Cryo-temperature data were collected on NcLPMO9D following an ascorbate soak to reduce the 614 
copper active site from CuII to CuI on the MaNDi beamline (Figure 2 and Figure 19) 45. Data were 615 
collected using TOF Laue mode following a neutron diffraction test using a 4 hour exposure to 616 



   

 

verify the quality of diffraction. Given the space group of the crystal, a data collection strategy of 617 
18 frames with a collection dose of 80 Coulombs per frame was devised. The data were collected 618 
in TOF-Laue mode at a wavelength range of 2.15 – 4.3 Å. Following data collection, the data were 619 
indexed, integrated, scaled and merged to give a neutron SLD file in MTZ format at a resolution 620 
of 2.40 Å51, 52. 621 
 622 
Following data collection, the 2.40 Å cryo-temperature NcLPMO9D neutron diffraction dataset 623 
was used for neutron-only data refinement. The neutron data were phased by molecular 624 
replacement using PDB 5TKH as the starting model. Phenix ReadySet was used to add H atoms at 625 
non-exchangeable sites and H/D atoms with partial occupancies at exchangeable sites. Water 626 
molecules were removed from the starting model with PDB Tools (Supplementary Figure 23). 627 
Model preparation was followed by refinement with phenix.refine using the neutron scattering 628 
table (Supplementary Figure 24). Interactive model building was performed in Coot, with water 629 
molecules being added using the positive peaks of FO-Fc maps and positioned according to 630 
potential hydrogen bond interactions (Figure 11A and Figure 11B). When analyzing neutron SLD 631 
maps, water molecules are clearly visible if they are highly ordered, however their density may 632 
be spherical or ellipsoidal if they are not well-ordered (Figure 11C-E). Neutron SLD maps were 633 
used to provide valuable information on the orientation of residues such as asparagine, in which 634 
differentiating between the carbonyl and amino groups can be challenging when using X-ray 635 
diffraction data alone (Figure 12A and Figure 12B). Peaks in FO-FC neutron SLD omit maps were 636 

also very informative in determining the protonation states of His residues at the N- or N-637 
position (Figure 12C and Figure 12D). The protonation state of residues with multiple H/D 638 
exchangeable sites can also be determined using neutron SLD maps. This was clearly illustrated 639 
with an FO-FC neutron SLD omit map of Arginine, which is known to have a positive charge (Figure 640 
12E and Figure 12F). As previously, over-fitting was prevented by monitoring Rwork and Rfree. Final 641 
statistics gave an Rwork of 22.58% and an Rfree of 30.84% with 414 water molecules present 642 
(Supplementary Figure 29). Given that neutron protein diffraction is a flux limited technique in 643 
which the negative scattering length and large incoherent scattering factor of H must be taken in 644 
to account, it can be expected that a neutron data-only refinement would have poorer statistics 645 
than a joint X-ray/neutron-data refinement with fewer visible water molecules (Supplementary 646 
Figure 28 and Supplementary Figure 29). 647 
 648 
When analyzing neutron SLD maps, it will become apparent that density cancellation due to the 649 
negative neutron scattering length of H will be present in hydrogenated proteins that were 650 
subjected to vapor exchange with D2O-containing crystallization buffer. Due to this reason, 651 
neutron SLD maps in which non-exchangeable H atoms are attached to carbon appear 652 
incomplete when compared to their electron density map counterpart (Figure 13A). The effect 653 
of cancellation is often more apparent at poorer resolutions, making it imperative to obtain 654 
protein crystals of a high quality. It is therefore preferable to perform a joint refinement of a 655 
sample with both X-ray and neutron data in which the X-ray data can be used to determine the 656 
position of the protein backbone (Figure 13B). Furthermore, sulfur atoms in Cys and Met may be 657 
poorly visible, requiring X-ray data for exact atom placement (Figure 13C and Figure 13D). Metal 658 
with weak neutron scattering lengths may also be challenging to model in neutron SLD maps, as 659 
is apparent in our LPMO9D maps. Collection of an X-ray dataset on the same crystal is therefore 660 



   

 

useful, since it permits metal atom positioning using electron density maps (Figure 13E and 661 
Figure 13F). 662 
 663 
FIGURE AND TABLE LEGENDS:  664 
 665 
Figure 1: Flow chart of neutron protein crystallography workflow. Protein Production: In order 666 
to obtain a neutron structure, protein is first expressed. Bacterial expression in H2O- or D2O-667 
based media is typically used to produce a high yield of hydrogenated or perdeuterated 668 
recombinant protein, respectively. The protein is purified in H2O-based buffer and then 669 
crystallized in either H2O- or D2O-based crystallization buffer to grow crystals to a minimum size 670 
of 0.1 mm3. Sample Preparation: Prior to neutron diffraction data collection, H2O-grown crystals 671 
undergo H/D exchange to exchange the protein titratable H atoms with D. H/D exchange can be 672 
done by direct soaking of the crystals in deuterated crystallization buffer, equilibration of the 673 
crystallization drop with a D2O-based reservoir, or by mounting the crystals in quartz capillaries 674 
for vapor exchange with deuterated crystallization buffer. Neutron Data Collection: Following 675 
H/D exchange, potential crystals are screened to determine the diffraction quality. Crystals with 676 
a minimum resolution of 2.5 Å are considered suitable for a full dataset to be collected. Crystals 677 
are mounted in quartz capillaries for data collection at room temperature or flash frozen in a 678 
cryo-loop for data collection at cryogenic temperature. An X-ray dataset is collected on the same 679 
(or an identical) crystal at the same temperature. Model Building: Refinement is performed using 680 
phenix.refine against both neutron and X-ray data or against the neutron data only. Manual 681 
model building of the protein structure is performed in Coot using the neutron SLD maps. 682 
Complete Structure: Following completion of the protein structure, the coordinate model is 683 
validated and deposited in the Protein Data Bank. 684 
 685 
Figure 2: Harvesting protein crystals. (A) Crystals are handled under a microscope. (B) The sealed 686 
sandwich box containing the siliconized glass plate is opened. Reservoir buffer is pipetted onto 687 
siliconized glass slides. (C) A crystal is harvested with a microloop. (D) The crystal is placed in drop 688 
of mother liquor to wash off any debris that are often harvested along with the crystal. 689 
 690 
Figure 3: Transfer of crystal to quartz capillary. (A) The end of a quartz capillary is filled with 691 
reservoir buffer. (B) The crystal is transferred into the quartz capillary and (C) immersed in 692 
reservoir buffer. (D) The crystal is carried down capillary using reservoir buffer. 693 
 694 
Figure 4: Sealing of the quartz capillary. (A) Deuterated buffer is added at the end of the capillary 695 
to form a “plug”. (B) Wax is melted with a “wand”. (C) The capillary is placed in the melted wax 696 
to seal. (D) Wax plugs are formed on both ends to seal the capillary. (E) The crystal after 697 
mounting. (F) The sealed capillary is placed in a Petri dish and held in place with putty. 698 
 699 
Figure 5: Increased signal-to-noise of the neutron diffraction pattern. As data collection 700 
proceeds, diffracted spots become more intense. (NOTE: the live diffraction images presented 701 
here are for illustration and were taken from different crystals.) 702 
 703 
Figure 6: Interactive model building using neutron data in Coot. (A) A positive FO-FC neutron SLD 704 



   

 

density peak (green) indicating serine must be reoriented by editing chi angles. The 2FO-FC 705 
neutron SLD map is displayed in purple and 2FO-FC electron density map is displayed in blue. (B) 706 
Correctly positioned serine. (C) Positive and negative FO-FC neutron SLD density peaks (green and 707 
red, respectively) indicating that tryptophan must be rotated/translated to match difference 708 
density peak. (D) Correctly oriented tryptophan.  709 
 710 
Figure 7: Additional information from neutron SLD maps. (A) 2FO-FC electron density map (blue) 711 
displays the positions of the “heavier” atoms in Serine. (B) 2FO-FC neutron SLD map (purple) 712 
clearly displays the position of the “lighter” D atom in Serine. (C) 2FO-FC electron density map 713 
(blue) displays the positions of the “heavier” atoms in Tryptophan. (D) 2FO-FC neutron SLD map 714 
(purple) clearly displays the position of the “lighter” D atom in Tryptophan. 715 
 716 
Figure 8: Water molecule positioning. (A) The spherical shape of an 2FO-FC electron density map 717 
(blue) feature for water. (B) The 2FO-FC neutron SLD map (purple) provides information about the 718 
water orientation and hydrogen bond interaction. (C) Map overlay of electron and neutron SLD 719 
maps of water. The 2FO-FC neutron SLD map is displayed in purple and 2FO-FC electron density 720 
map is displayed in blue. 721 

 722 
Figure 9: Neutron SLD FO-FC omit maps. (A): The FO-FC neutron SLD map (green) provides clear 723 
information on the H/D orientation of Tyrosine residues. The 2FO-FC neutron SLD map is displayed 724 
in purple and 2FO-FC electron density map is displayed in blue. (B) Tyrosine residue with correct 725 
H/D orientation. (C) FO-FC neutron SLD map (green) provides clear information on the H/D 726 
orientation of Threonine residues. (D) Threonine residue with correct H/D orientation 727 
 728 
Figure 10: Multiple protonation states displayed with neutron SLD maps. (A) The 2FO-FC electron 729 

density map (blue) only provides the position of the N atom of Lysine -ammonium group. (B-E) 730 
The FO-FC neutron SLD omit map (green) clearly demonstrates the positively charged -NH3 group. 731 
The 2FO-FC neutron SLD map is displayed in purple and 2FO-FC electron density map is displayed 732 
in blue. (F) Overlay of electron density and neutron SLD maps.  733 
 734 
Figure 11: Appearance of water molecules in neutron SLD maps. (A) Water molecules are 735 
positioned according to FO-FC neutron SLD maps (green) and potential hydrogen bonds. The 2FO-736 
FC neutron SLD map is displayed in purple. (B) Correctly positioned water molecule. (C-E) The 737 
various shapes of neutron SLD maps for water molecules depending on B-factors and hydrogen 738 
bond interactions.  739 

 740 
Figure 12: Information about amino acid orientation and protonation provided by neutron SLD 741 
maps. (A) The neutron SLD FO-FC map peaks (green) indicate incorrect orientation of an 742 
Asparagine residue. The 2FO-FC neutron SLD map is displayed in purple and 2FO-FC electron 743 
density map is displayed in blue. (B) 2FO-FC neutron SLD map (purple) of the correct Asparagine 744 
orientation. (C) The neutron SLD FO-FC map peak (green) indicates single protonation of the 745 

Histidine at N. (D) 2FO-FC neutron SLD map (purple) of Histidine N -protonation. (E) Neutron SLD 746 
FO-FC omit map peaks (green) confirm the positive charge of Arginine. (F) 2FO-FC neutron SLD map 747 
(purple) of positively charged Arginine.  748 



   

 

 749 
Figure 13: Discontinuous neutron SLD maps. (A) 2FO-FC neutron SLD map (purple) of a 750 
hydrogenated, vapor H/D exchanged protein. Glutamic acid displays neutron SLD map 751 
cancellation due to the negative scattering length of non-exchangeable H atoms. (B) An overlayed 752 
2FO-FC electron density map (blue) clearly displays the density of the Glutamic Acid. (C) Sulfur 753 
atom in Methionine is poorly visible in 2FO-FC neutron SLD maps (purple). (D) An overlayed 754 
electron density map clearly displays the density of the Methionine. (E) Metal atoms, here 755 
Copper, are poorly visible in neutron 2FO-FC SLD maps (purple). (F) An overlayed 2FO-FC electron 756 
density map (blue) clearly displays the density of the coordinated Copper atom. 757 
 758 
Table 1: Neutron scattering lengths and incoherent scattering values. Adapted from Sears, 759 
199216. 760 
 761 
Supplementary Figure 1: The IMAGINE Instrument at the High Flux Isotope Reactor. (A) The 762 
IMAGINE instrument in the cold neutron guide hall. (B) Sample in mounted in a quartz capillary 763 
attached with putty to the goniometer. The sample and detector table closes to position the 764 
crystal and the cylindrical image plate in the neutron beam. Modified with permission of the 765 
International Union of Crystallography53. Images provided with permission of Genevieve Martin, 766 
Oak Ridge National Laboratory. 767 
 768 
Supplementary Figure 2: The MaNDi Instrument at the Spallation Neutron Source. (A) The 769 
MaNDi Anger camera detector array. Reproduced with permission the International Union of 770 
Crystallography11. (B) MaNDi moveable sample stage. (C) Sample mounted in quartz capillary 771 
mounted on the goniometer at MaNDi for room temperature data collection. Images provided 772 
with permission of Genevieve Martin, Oak Ridge National Laboratory. 773 
 774 
Supplementary Figure 3: Structure of the lytic polysaccharide monooxygenase NcLPMO9D. 775 
The NcLPMO9D copper-active site is located on a flat polysaccharide binding surface. The 776 
copper is coordinated by two histidine residues in a classical “histidine brace” as well as an axial 777 
tyrosine residue.  778 
 779 
Supplementary Figure 4: Crystal with sufficient volume in sitting drop crystallization tray. (A) 780 
Large crystals are grown in sitting drops set up in 9-well siliconized glass plates. (B and C) Crystals 781 
are measured to identify those with volume > 0.1 mm3. 782 
 783 
Supplementary Figure 5: pH meter set up for deuterated buffer readings. The pH electrode is 784 
soaked in D2O prior to use. NaOD and DCl are used to adjust the pH of deuterated buffers. 785 
 786 
Supplementary Figure 6: MaNDi sample mounting guidelines. Maximum dimensions of the 787 
quartz capillary and sample position for room temperature data collection.  788 
Reproduced from: https://neutrons.ornl.gov/mandi/sample-environment 789 
 790 
Supplementary Figure 7: Removal of excess buffer. (A) Excess buffer is aspirated from the quartz 791 
capillary with microcapillary tips. (B) The remaining buffer is removed with a thin paper wick to 792 

https://neutrons.ornl.gov/mandi/sample-environment


   

 

completely dry the capillary. 793 
 794 
Supplementary Figure 8: The data acquisition GUI. Input window of the “Experiment 795 
Parameters” for data collection. 796 
 797 
Supplementary Figure 9: The Optic GUI. Selection of the quasi-Laue range for data collection and 798 
monitoring of the neutron count rate. 799 
 800 
Supplementary Figure 10: Data collection in data acquisition GUI. The exposure time, number 801 
of frames and angles for data collection are specified in the “Collect” tab. Data collection is then 802 
initiated using “Start Scan”. 803 
 804 
Supplementary Figure 11: Diffracted neutrons detected and displayed. At the end of the 805 
exposure time, the neutron sensitive image plate detector is read out and the diffraction pattern 806 
is displayed in the data acquisition GUI. 807 
 808 
Supplementary Figure 12: Data processing following neutron diffraction. Frames are indexed, 809 
integrated, wavelength normalized and scaled using Lauegen, Lscale and Scala to generate a 810 
merged reflection file following data collection. 811 
 812 
Supplementary Figure 13: X-ray data collection. Home source X-ray generator set up with quartz 813 
capillary mounted crystal for room temperature data collection.  814 
 815 
Supplementary Figure 14: Mounting guidelines for MaNDi cryo-data collection. Dimensions of 816 
CrystalCaps and pin height for cryo-data collection at MaNDi. 817 
Reproduced from: https://neutrons.ornl.gov/mandi/sample-environment 818 
 819 
Supplementary Figure 15: Flash freezing for cryo neutron diffraction data collection. (A) Setup 820 
for crystal soaking, harvesting with a microloop and freezing in liquid nitrogen using a cryo 821 
compatible container foam Dewar. The mounted crystal is transferred directly onto the 822 
beamline cryo goniometer using precooled cryo pin tongs. (B) The wax seal is melted for crystal 823 
removal. (C) The crystal is flushed to end of quartz capillary for harvesting. (D) The crystal is 824 
sequentially soaked in ascorbate soak buffer and then cryoprotectant followed by flash freezing 825 
in liquid nitrogen.  826 
 827 
Supplementary Figure 16: Sample alignment interface. Crystal alignment in the neutron beam, 828 
represented by the blue cross, is done by point and click centering. 829 
 830 
Supplementary Figure 17: The CSS GUI for data collection. The data collection strategy, including 831 
exposure doses and angles, are uploaded in the CSS GUI. As data collection proceeds the 832 
diffracted neutrons detected on the real-time detector will be displayed in the upper panel. 833 
 834 
Supplementary Figure 18: Matching R-free flags. The R-free flags of the neutron data are 835 
matched with the R-free flags of X-ray data collected on the same or an identical crystal for joint 836 
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refinement.  837 
 838 

Supplementary Figure 19: Structure preparation and refinement. A) The Phenix ReadySet tool 839 
is used to add dual H/D occupancy at exchangeable sites. B) Both the neutron data and X-ray data 840 
are used for a joint refinement, while the initial input model was refined against the X-ray dataset 841 
collected on the same crystal or an identical crystal. 842 
 843 
Supplementary Figure 20: Configuration of refinement settings. The refinement model as well 844 
as the nuclear distances are configured for joint X-ray/neutron data refinement. 845 
 846 
Supplementary Figure 21: Data selection for Coot model building. The phenix mtz file output 847 
containing X-ray and unfilled neutron data is opened in Coot to generate electron and neutron 848 
SLD maps for interactive model building. 849 
 850 
Supplementary Figure 22: Interactive model building in Coot during a joint refinement. (A) A 851 
positive and negative FO-FC neutron SLD density peak (green and red, respectively) indicating that 852 
the water must be reoriented by rotation/translation. The 2FO-FC neutron SLD map is displayed 853 
in purple and 2FO-FC electron density map is displayed in blue. (B) Correctly positioned water. (C) 854 
A positive FO-FC neutron SLD map peak (green) indicate that threonine must be rotated to match 855 
difference density peak by editing chi angles. (D) Correctly oriented threonine.  856 

 857 
Supplementary Figure 23: Structure preparation for neutron-only data refinement. The starting 858 
coordinate file is prepared for refinement by water atom removal in PDBTools and by addition of 859 
dual H/D occupancy at exchangeable sites.  860 
 861 
Supplementary Figure 24: Neutron data-only refinement. (A) Neutron data is uploaded as well 862 
as the prepared starting model. (B) The settings for neutron data refinement use the neutron 863 
scattering table.  864 
 865 
Supplementary Figure 25: Data selection for Coot model building. The unfilled neutron data are 866 
opened in Coot for interactive model building. 867 
 868 
Supplementary Figure 26: Real space refinement in Coot for deuterated residues. (A) Positive 869 
and negative FO-FC neutron SLD density peaks (green and red, respectively) indicating that an 870 
arginine residue must be moved to fit the FO-FC density peak. The 2FO-FC neutron SLD map is 871 
displayed in purple and 2FO-FC electron density map is displayed in blue. (B) Utilizing Real Space 872 
Refine results in “exploding” D atoms due to missing Coot geometry restraints libraries. (C) The 873 
D atoms do not move with the rest of the residue atoms. (D) The D atom positions can be 874 
manually fixed using a text editor. 875 
 876 
Supplementary Figure 27: Addition of water molecules. (A) Water molecules can be manually 877 
added to the positive FO-FC neutron SLD map density peaks (green). The inserted water molecules 878 
will initially be represented by an O atom in Coot. (B) Phenix ReadySet is used to add D atoms to 879 
the O atoms for water molecules. (C) The deuterated water molecule is successfully added.  880 



   

 

 881 
Supplementary Figure 28: Refinement statistics. Final data refinement statistics following joint 882 
X-ray/neutron refinement. 883 
 884 
Supplementary Figure 29: Refinement statistics. Final data refinement statistics following 885 
neutron data-only refinement. 886 
 887 
DISCUSSION:  888 
Neutron protein crystallography is a highly sensitive technique to probe protonation states and 889 
water molecule orientation in proteins. This information sheds light on protein catalytic 890 
mechanisms since changes in protonation and hydrogen bonding interactions are often central 891 
to enzyme chemistry10. Neutron protein crystallography, albeit an informative technique, has a 892 
number of factors that should be taken into consideration before planning to conduct a neutron 893 
diffraction experiment, namely: 894 

1. The requirement for large protein crystals for data collection. 895 
2. The scattering properties of hydrogen and other elements, such as metal ions. 896 
3. Limitations in the structure refinement and model building software when working with 897 

deuterated samples. 898 
 899 

Neutron protein crystallography is a flux limited technique. In contrast to X-ray diffraction 900 
datasets, neutron diffraction data statistics possess a lower completeness, redundancy and 901 
signal-to-noise ratios due to the inherent limitations (flux limited, quasi-Laue, longer 902 
wavelengths)  of the technique. Data collection of a single frame is typically 12 – 18 hours. Success 903 
of an experiment is highly dependent on sample size and quality with crystals of 0.1 mm3 often 904 
being the minimum requirement3. Neutron diffraction requires production of large amounts of 905 

protein to set up crystallization drops ranging from 10 to 800 L. The minimum volume for 906 
growing sufficiently large crystals can be estimated using a Volume Calculator given the crystal 907 
and sample parameters (https://neutrons.ornl.gov/imagine). Growth of large crystals has most 908 
prevalently been accomplished by vapor diffusion3. Hanging drop crystallization permits growth 909 

of crystals in large drops ranging from 10-25 L, while larger drops ranging up to ~ 50 L can be 910 
set up using commercially available sitting drop equipment14, 54. Siliconized nine-well glass plates 911 

can be used to set up very large drops, with volume up to 800 L. These glass plates are placed 912 
in “sandwich boxes” commercially available from Hampton Research. Further crystallization 913 
techniques include batch crystallization, in which the limit of the drop size is dictated by the 914 
vessel. Batch crystallization experiment set up can range from microliters to milliliters55. 915 
Crystallization can also be performed using the dialysis technique in which the protein is 916 
equilibrated with the precipitant via a dialysis membrane or by counter-diffusion along a 917 
precipitant concentration gradient or through a porous plug such as agarose56, 57. Seeding offers 918 
another alternative to obtain crystals of the desired volume. Micro- and macroseeding have been 919 
successfully employed for large crystal growth, including large crystal of NcLPMO9D45. Some 920 
knowledge of the protein phase diagram, including the influence of temperature on solubility, 921 
aid in large crystal growth.  922 
 923 
When planning a neutron diffraction experiment, optimization of the protein preparation to 924 

https://neutrons.ornl.gov/imagine


   

 

maximize signal-to-noise ratio during diffraction data collection is essential7. To circumvent 925 
density cancellation and high incoherent scattering caused by H atoms, neutron SLD maps can be 926 
improved by exchanging H atoms for its isotope D, which possesses a positive coherent scattering 927 
length and low incoherent scattering length. To accomplish this vapor exchange of the 928 
hydrogenated protein crystal against deuterated crystallization buffer is performed. This ensures 929 
H/D exchange of solvent molecules and the labile, titratable H atoms23. Vapor exchange is 930 
performed by mounting the hydrogenated crystal mounted in a quartz capillary with deuterated 931 
crystallization buffer “plugs” and it represents an effective, gentle technique that is most often 932 
applied14, 23, 35. The exchange can take several weeks and preferably requires the deuterated 933 
buffer to be frequently changed to ensure maximum H/D exchange. H/D exchange can also be 934 
performed by directly soaking the crystal in deuterated buffer. To avoid placing the crystal under 935 
stress due to D2O exposure, the soaking process should be performed gradually by incrementally 936 
increasing the D2O:H2O ratio58. In addition to this, crystallization of hydrogenated protein can 937 
also be performed in deuterated buffer for H/D at labile H sites 22, 59. It should be noted, however, 938 
that D2O-based buffer has an effect on protein solubility requiring further adjustment of the 939 
known H2O-based conditions3,59. D2O-based buffers have also been observed to lead to smaller 940 
crystals in some cases59. Full exchange of titratable and carbon-bound H atoms to D can be 941 
achieved by expressing proteins in deuterated media to generate a perdeuterated sample20. The 942 
resulting neutron SLD maps of the perdeuterated sample will be significantly improved, no longer 943 
displaying the density cancellation of the hydrogenated sample counterpart. This is beneficial 944 
when characterizing H/D bound at non-exchangeable sites in a protein or cofactor. However, 945 
expression of perdeuterated protein is both high in cost and low in yield60. The Oak Ridge National 946 
Laboratory (ORNL) Center for Structural Molecular Biology (CSMB) offers a deuteration facility 947 
for users seeking to generate a perdeuterated sample (https://www.ornl.gov/facility/csmb). 948 
Perdeuterated expression is typically performed in a bioreactor on the 1 L scale yielding ~50 mg 949 
of purified protein61.  950 
 951 
Following the collection of neutron diffraction data, refinement and interactive model building is 952 
performed. Refinement can be run using multiple software suites including phenix.refine, nCNS 953 
or SHELXL28,31–33. The Phenix suite is the most commonly utilized software for refinement of 954 
neutron diffraction data in conjunction with Coot which is used to manually build the model from 955 
the neutron SLD maps34. Although both Phenix and Coot allow for the processing of neutron 956 
diffraction data, they may lack certain features necessary to process the idiosyncrasies associated 957 
with neutron data and deuterated samples. For example, Coot does not contain geometry 958 
optimization for deuterated residues, which can lead to complications during model building 959 
since the “Real Space Refine” feature results in “exploding” residues (Supplementary Figure 960 
26)62. This can be resolved by generating restraint files for all the deuterated residues. However, 961 
this is an intensive process and such libraries are not currently publicly available. When 962 
performing refinements in Phenix, exchangeable H/D sites will initially be set to 0.50 occupancy 963 
for H and D. As refinements are performed, the occupancy of H and D will be refined according 964 
to the neutron SLD maps. During interactive model building, difference density Fo-Fc maps are 965 
very informative in assessing H/D occupancies. Maps can be used to determine which sites 966 
possess high D occupancy, which is particularly informative at the active site where protonation 967 
states are catalytically relevant63. Ambiguous situations do arise, however, when the H:D 968 



   

 

occupancy is close to 0.70:0.30 which results in complete signal cancellation in neutron SLD 969 
maps64. It should also be taken into account that neutron diffraction data usually has a 970 
completeness of ~80%, which is lower than the routinely observed ≥ 98% for X-ray diffraction 971 
data. When refining neutron diffraction data in Phenix, the missing observed amplitudes (Fo) are 972 
therefore calculated from the model to complete the reflection list, thus introducing model bias. 973 
To account for this potential bias “no_fill” maps should be examined during interactive model 974 
building as opposed to “fill” maps.  975 
 976 
Users can choose to perform a joint X-ray/neutron data refinement of their structure, or a 977 
neutron-data only refinement. Visualizing neutron SLD maps, particularly at lower resolution, 978 
may initially be disconcerting especially for a hydrogenated protein in which H is still present at 979 
non-exchangeable sites despite H/D vapor exchange. This results in neutron density map 980 
cancellations, giving the impression of discontinuous maps65,66. Collecting a corresponding X-ray 981 
dataset advantageously complements these cancellations in a joint refinement (Figure 13A and 982 
Figure 13B). A joint-refinement strategy typically involves refining the protein backbone 983 
coordinates against the X-ray data, while the neutron diffraction data is used to refine the 984 
position and occupancy of the H/D atoms at exchangeable sites28. Since introduction of joint H/D 985 
occupancy at exchangeable sites increases the number of parameters being refined, a joint 986 
refinement with X-ray data also increases the data-to-parameter ratio. A joint refinement 987 
requires a corresponding X-ray dataset to be collected at the same temperature on the same 988 
crystal or a crystal grown under the same conditions. For neutron diffraction data collected at 989 
room temperature (300K), the corresponding X-ray dataset should be collected at room 990 
temperature using a low-dose data collection strategy to limit radiation damage. Perdeuterated 991 
samples, in contrast, provide improved and continuous neutron SLD maps since they do not 992 
possess the same magnitude of H/D signal cancellation. However, the neutron scattering length 993 
of certain elements including metals and sulfur make them poorly visible in neutron SLD maps, 994 
even if the protein has been perdeuterated (Figure 13C-F)18. If a metal needs to be characterized, 995 
it is best to utilize X-ray diffraction in a joint refinement or apply spectroscopic techniques to 996 
complement diffraction experiments. Neutron-only data refinements are often performed when 997 
the neutron dataset has high resolution or if a perdeuterated protein was used. In addition, 998 
neutron-only data refinement is particularly useful if a protein highly sensitive to radiation 999 
damage is being studied, since an X-ray derived structure may possess radiation-induced 1000 
artefacts. If a neutron-data-only refinement is to be performed, it must be ascertained whether 1001 
the corresponding neutron dataset has sufficient completeness and resolution.  1002 
 1003 
ORNL offers two facilities for collection of neutron diffraction data: the IMAGINE beamline at the 1004 
HFIR as well as the MaNDi beamline at the SNS36, 67. While both instruments provide effective 1005 
means for collecting a neutron diffraction dataset employing similar principles, each instrument 1006 
has unique specifications that should be taken into account when applying for beam time. 1007 
IMAGINE collects quasi-Laue data and is optimized for room temperature data collection on 1008 
crystals with unit cells up to ~100 Å. MaNDi can be used for the collection of room temperature 1009 
and cryo-temperature data employing TOF-Laue collection on crystals with unit cells up to ~ 300 1010 
Å. Prior to collecting a complete dataset, a test is performed on the crystal to evaluate the quality 1011 
of the obtained diffraction pattern in which the crystal is exposed to the neutron beam for a 1012 



   

 

single frame. If the crystal is of sufficient quality, a full neutron diffraction dataset will be 1013 
collected, indexed, integrated, scaled and merged in a process analogous to X-ray data 1014 
processing. IMAGINE makes use of Lauegen and Lscale and MaNDi utilizes the Mantid package 1015 
and employs three-dimensional profile fitting48,50,51,68–70. Scientists who become users at either 1016 
of these facilities will be provided with a dataset in MTZ or HKL format for further analysis. 1017 
 1018 
Neutron protein diffraction is a non-destructive, highly sensitive technique for probing the 1019 
protonation state and hydrogen bond interactions of biological macromolecules. It is particularly 1020 
useful for photo-sensitive proteins and metalloproteins. Several considerations regarding the 1021 
technique as well as the processing of the data must be taken into consideration before 1022 
conducting an experiment, however the outcome yields results which may give valuable insight 1023 
into the catalytic mechanism of the protein of interest. Neutron protein crystallography 1024 
complements computational, structural, biochemical and spectroscopic studies, making it a 1025 
valuable tool in the biologist’s toolbox of techniques used to characterize biological 1026 
macromolecules. 1027 
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Isotope
Coherent scattering 

length (fm)

Incoherent scattering 

length (fm)

1H -3.741 25.274

2H 6.671 4.04

12C 6.6511 0

14N 9.37 2

16O 5.803 0

23Na 3.63 3.59

24Mg 5.66 0

31P 5.13 0.2

32S 2.804 0

35Cl 11.65 6.1

39K 3.74 1.4

40Ca 4.8 0

55Mn -3.73 1.79

56Fe 9.94 0

63Cu 6.43 0.22

64Zn 5.22 0
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Name of Material/Equipment Company Catalog Number Comments/Description
Absorbent Paper Points Size #30-

#40, 60 mm length DiaDent/DiaVet 218-292

Capillary wax Hampton HR4-328

CCP4 Version 7.0.077

Conical Centrifuge Tubes (15 mL) Corning CLS430790

Conical Centrifuge Tubes (50mL ) Corning CLS430828

Coot Version 0.8.9.2

CrystalCap ALS Hampton HR4-779

Curved-Tip Forceps Mitegen TW-CTF-1
Deuterium chloride solution, 35 wt. 

% in D2O, ≥99 atom % D Sigma-Aldrich 543047

Deuterium oxide 99.9 atom % D Sigma-Aldrich 151882
Dual Thickness MicroLoops 1000 

µm Mitegen M5-L18SP-1000

FiveEasy pH meter F20-Std-Kit Mettler Toledo 30266626

Foam Dewars Standard Vessel 800 

ml Spearlab M-FD-800

Four Color Mounting Clay Hampton HR4-326
HEPES, BioUltra, for molecular 

biology, ≥99.5% (T), Sigma-Aldrich 54457
High flux rotating anode X-ray 

diffractomemeter with EIGER 4M 

detector

Rigaku, Oxford 

Cryostream and 

Dectris XtaLAB Synergy-R Home source X-ray diffractometer

Magnetic Wand Straight Mitegen M-R-1013198

Table of Materials Click here to access/download;Table of Materials;JoVE_Table_of_Materials.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1254934&guid=4fdc1972-6a97-4a1a-83bb-2cc47ebce8d0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1254934&guid=4fdc1972-6a97-4a1a-83bb-2cc47ebce8d0&scheme=1


Microloader, tip for filling Femtotips 

and other glass microcapillaries (for 

research use only), 0.5 – 20 µL, 100 

mm, light gray, 192 pcs. (2 racks × 

96 pcs.) Eppendorf 930001007

Microtubes volume 1.5 mL Eppendorf Z606340
Petri Dishes with Clear Lid 100 mm 

diameter Fischerbrand FB0875713

Phenix Version 1.14-3260

Pin Tong 18 mm Mitegen M-R-1013196

Pipette Volume 0.1-2.5 μL Eppendorf Research Z683779

Pipette Volume 100-1000 μL Eppendorf Research Z683825

Pipette Volume 10-100 μL Eppendorf Research Z683809

Pipette Volume 20-200 μL Eppendorf Research Z683817
Poly(ethylene glycol) BioXtra, 

average mol wt 3,350, powder Sigma-Aldrich P4338

Quartz Capillary , 1.00 mm inner 

diameter, 80 mm length Hampton HR6-146 Thin-walled capillary
Research Stereomicroscope System Olympus SZX16
Reusable B3 (SSRL/SAM Style) 

Goniometer Bases Mitegen GB-B3-R
Round - Miniature Hollow Glass 

Tubing (VitroTubes) Clear Fused 

Quartz / 1.00 mm inner diameter, 

100 mm length VitroCom CV1012 Thick-walled capillary

Sandwich Box with cover Hampton HR3-132

Siliconized 9 Well Glass Plate Hampton HR3-134
Sitting Drop Crystallization Plate (24 

Big Well) Mitegen XQ-P-24S-A



Sodium deuteroxide solution, 40 wt. 

% in D2O, 99 atom % D Sigma-Aldrich 176788
Thick Siliconized circle cover slides 

(22 mm x 0.96 mm) Hampton HR3-247

Universal Pipet Tips,  0.1 - 10 µL VWR 76322-528

Universal Pipet Tips,  1 - 100 µL VWR 76322-136

Universal Pipet Tips,  100 - 1000 µL VWR 76322-154

Universal Pipet Tips,  20 - 200 µL VWR 76322-150

Universal Pipet Tips, 1 - 20 µL VWR 76322-134

Wax pen Hampton HR4-342



Reviewer #1: 
Manuscript Summary: 
This is an excellent and very well executed description of neutron macromolecular 
crystallography (nMX) procedures. It is perfect for a JoVE article and video contribution. 
Furthermore the authors and the ORNL neutron center facilities are amongst the very best 
leading exponents in the world today of these instruments, procedures and results. 
 
Minor Concerns: 
The list below is a mix of minor-major or major-minor concerns, ie not sure how to define:- 
 
For JoVE 
 
This is an excellent and very well executed description of neutron macromolecular 
crystallography (nMX) procedures. It is perfect for a JoVE article and video contribution. 
Furthermore the authors and the ORNL neutron center facilities are amongst the very best 
leading exponents in the world today of these instruments, procedures and results. 
 
We thank the reviewer for positively appraising our manuscript. 
 
I commend that the following are attended to: 
 
(i) Electrons are sensitive to hydrogens, albeit not yet shown for MX. Somewhere in their 
manuscript a mention is needed. 
 
We have revised the text to mention that hydrogen atoms are visible in X-ray diffraction 
structures if the resolution is sufficiently high: 
 
Line 65: “During X-ray diffraction, X-rays scatter from the electron cloud, making light atoms 
such as hydrogen poorly visible in electron density maps that do not have near sub-Ångström 
resolution.2 In contrast, the scattering intensity of neutrons depends on complex interactions 
with the nucleus. Light atoms and their isotopes, such as hydrogen and deuterium, therefore 
have comparable visibility to the backbone carbon, nitrogen and oxygen atoms in neutron 
scattering length density maps.” 
 
 
(ii)A teaching review article aimed at these topics is Blakeley et al Chem Soc Reviews 2004 33, 
548-557 ie of complementarity of nMX and X-ray MX; I suggest that this article could be cited. 
 
We have included Blakeley, M.P., Cianci, M., Helliwell, J.R., Rizkallah, P.J. Synchrotron and 
neutron techniques in biological crystallography. Chemical Society Reviews. 33 (8), 548–557, 
doi: 10.1039/b312779f (2004) in the manuscript line 75-78. 
 
Line 79-83: “The primary focus of this article is to provide an overview of the workflow to 
obtain a high-quality neutron protein diffraction structure, we refer the interested reader to 
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Podjarny et al.4, Blakeley5, Blakeley et al.6 and O‘Dell et al.3 for an excellent overview of neutron 
protein diffraction and Ashkar et al.7 for further applications of neutron scattering.” 
 
 
(iii) The deposition of nMX results at the PDB, has been strongly criticised by Afonine et al. So, 
some level of teaching how to guarantee that the underpinning data are FAIR (Findable, 
Accessible, Interoperable, and Reusable) is essential really e.g. at its most simple via the facility 
itself and or attached to the journal article, in case the PDB fails to archive data FAIRly. The 
Afonine et al article needs to be cited I think. In addition the current policy is that the raw 
diffraction images should be archived with a doi (IUCr). This policy article, Acta Cryst D75, 455-
457, needs citing. 
 
Although deposition of the neutron protein diffraction data and structure to the Protein Data 
Bank (PDB) is an important aspect and currently presents challenges that must be addressed by 
the community, we believe that this topic is beyond the scope of this paper.  
 
We have cited Liebschner, D., Afonine, P. V., Moriarty, N.W., Langan, P., Adams, P.D. Evaluation 
of models determined by neutron diffraction and proposed improvements to their validation 
and deposition. Acta Crystallographica Section D: Structural Biology. 74, 800–813, doi: 
10.1107/S2059798318004588 (2018) which addresses issues related to neutron structure 
deposition and validation in line 192 and line 197. 
 
(iv) The procedures and software on Imagine and at Mandi comes back at its base to the 
Daresbury Laue software development and so Helliwell et al 1989 and or Arzt et al and or Nieh 
et al JSR (1999). 6, 995-1006 needs to be cited. 
 
We have included the following citations in the protocol section (line 583): 
 
Helliwell, J.R. et al. The recording and analysis of synchrotron X-radiation Laue diffraction 
photographs. Journal of Applied Crystallography. 22 (5), 483–497, doi: 
10.1107/s0021889889006564 (1989). 
Nieh, Y.P. et al. Accurate and highly complete synchrotron protein crystal Laue diffraction data 
using the ESRF CCD and the Daresbury Laue software. Journal of Synchrotron Radiation. 6 (5), 
995–1006, doi: 10.1107/S0909049599006342 (1999). 
Arzt, S., Campbell, J.W., Harding, M.M., Hao, Q., Helliwell, J.R. LSCALE - The new normalization, 
scaling and absorption correction program in the Daresbury Laue software suite. Journal of 
Applied Crystallography. 32 (3), 554–562, doi: 10.1107/S0021889898015350 (1999). 
 
 
(v) In papers reporting the diffraction resolutions of MX and or nMX data there are inconsistent 
cut offs used. Some comments on these cut offs are needed. i.e. to encourage good practice. 
Such as at least the need to state where the crosses 2.0 and what diffraction resolution is the 
CC1/2 value. Also some discussion is needed of the needed data completeness. Whilst X+n and 
X then n studies can surely rest on the X-ray diffraction data (very high) completeness then at 



least 80% neutron data completeness should be strived for. (A forward reference to line 884 
can be made from here.) Furthermore if a publication ends up featuring a "never seen before" 
piece of protein structure the whole experiment should be repeated so as to claim 
"reproducibility" of that feature. Reproducibility is an issue for science as a whole and no 
special exemption should be claimed by crystallography. 
 
We have expanded on the recommended guidelines for evaluating data in the text: 
 
Line 1452 “Data were evaluated to be of sufficient quality following similar guidelines for X-ray 
data analysis, although a completeness of 80 % and a CC1/2 of at least 0.3 were considered 
acceptable since neutron protein diffraction is a flux-limited technique.” 
 Line 2086: “In contrast to X-ray diffraction datasets, neutron diffraction data statistics possess 
a lower completeness, redundancy and signal-to-noise ratios due to inherent limitations (flux 
limited, quasi-Laue, longer wavelengths) of the technique.” 
 
Discussion of the reproducibility of structural data obtained both with X-ray and neutron 
diffraction data is beyond the scope of this paper. It is a highly relevant concern for all 
structural studies, however we primarily seek to instruct the uninitiated neutron protein 
crystallographer on the experimental aspects of sample preparation and data collection. 
 
(vi) At page 2 line 111 some mention of cryo-artefacts should be made whereby certain types of 
details are different from a room temperature structure i.e. that an investigator needs to be 
made aware of. Top of this list of types of artefact is that many more bound waters are 
observed, also that those at both RT and cryo can be in different places. Also the split 
occupancy residues can be different at each temperature. Halle 2004 PNAS 101 (14) 4793-4798 
has summarised these cryo-artefacts well and again could be usefully cited. 
 
Discussion of the artefacts that may be induced using cryo-conditions has been included in the 
text, particularly that since temperature artefacts may be introduced, it is necessary to collect 
X-ray and neutron datasets on the same crystal at the same temperature.  
 
Line 168: “Data collection at the same temperature allows structure refinement to be 
performed against both X-ray and neutron data, preventing any potential temperature-induced 
artefacts such as changes in the visibility and position of waters or the occupancies of residue 
alternate conformations.” 
 
We have accordingly referenced Halle, B. Biomolecular cryocrystallography: Structural changes 
during flash-cooling. Proceedings of the National Academy of Sciences of the United States of 
America. 101 (14), 4793–4798, doi: 10.1073/pnas.0308315101 (2004) in line 171. 
 
(vii) At line 118 mention is made of many more X-ray structures than neutron ones in the PDB. I 
think this is a flawed metric. The role of neutrons is to resolve mechanistic questions 
unresolved by X-ray, NMR or electron methods. This role is pivotal and solves controversies in 
whole areas of biochemistry and or molecular biology. This sentence could be usefully 



rephrased. This is captured well in the text of the next paragraph although the word 
"complement" is a bit weak, although typical in the field. 
 
To expand on the role of neutron protein crystallography as a valuable standalone technique, 
we have added the following:  
Line 200-202: “Neutron protein crystallography provides valuable chemical insights to expand 
on and complement findings from additional studies such as X-ray, NMR or micro crystal 
electron diffraction (microED). Neutron protein diffraction is uniquely positioned to provide 
insights into enzymatic mechanisms, since hydrogen atoms are central to their chemistry.” 
 
(viii) page 4 line 206. Quartz capillary is good for nMX since its mechanical strength is wanted. 
But for X-ray work quartz generates a lot of extra background in the diffraction image than a 
glass capillary does. 
 
To emphasize the importance of using quartz capillaries as opposed to glass capillaries we have 
included the following note: 
 
Line 312: “Note: Users are encouraged to make use of quartz capillary tubes because in, 
addition to its mechanical strength, it is essential to limit neutron beam absorption and lower 
background contributions from the capillary. Glass capillaries introduce high background and 
absorb neutrons, compromising data quality.” 
 
 
(ix) page 6 line 271, define "sweeps". 
 
We have rephrased this for clarity: 
 
Line 469: “Ensure that the experimental hutch is vacated and open the beamline shutter for 
neutron data collection.” 
 
(x) page 6 line 280 I learnt in a visit to Imagine at ORNL that a broad bandpass exposure can be 
useful to identify zones for indexing. That I think is a very neat procedure and quick as the 
neutron beam over its full bandpass is at a higher total flux. (A forward ref to line 512 could be 
made from here.) 
 
We have included this additional information that can be gained from a broad bandpass 
exposure: 
 
Line 1443: “In addition to providing preliminary information on the diffraction quality of the 
crystal, the broad bandpass exposure can be used to index the diffraction pattern and 
determine the crystal orientation matrix.”  
 
(xi) Page 7 I think more detail on the cryo-protectant is needed here not least which 
compounds are preferred? In any case, since Blakeley et al 2004 PNAS, which should be cited, 



there have still been rather few such publications, Therefore the freezing behaviour of cryo-
compounds under D2O, and their protein crystal, is a topic of biophysical chemistry research 
maybe worthy of more detailed basic experiments…. 
 
Preparation of a cryoprotectant suitable for cryo-data collection of protein crystals is case-
dependent since crystallization conditions vary widely. We recommend that for a cryo-neutron 
diffraction experiment, users utilize cryoprotectants optimized when having performed X-ray 
diffraction.  
The article to which the reviewer refers (Blakeley, M.P., Kalb, A.J., Helliwell, J.R., Myles, D.A.A. 
The 15-K neutron structure of saccharide-free concanavalin A. Proceedings of the National 
Academy of Sciences of the United States of America. 101 (47), 16405–16410, doi: 
10.1073/pnas.0405109101 (2004)) reports neutron protein diffraction at 15K, which requires 
the use of a cryostat. In contrast, the cryo-data collection at MaNDi is performed at 100 K by 
use of a nitrogen cryo-stream which is the same sample environment used during cryo-X-ray 
data collection. Therefore, use of an established cryo-protectant as used for X-ray data 
collection is recommended for neutron cryo-data collection.  
 
To clarify this, we have included the following: 
 
Line 618: “Note: The cryoprotectant solution is usually the cryoprotectant that has proven 
effective for cryo-temperature X-ray diffraction data collection prepared in D2O. This 
cryoprotectant can be further optimized (e.g. concentration) for neutron data collection if 
necessary.” 
 
(xii) page 8 line 372 for fully deuterated protein the H/D option would not be chosen. 
 
The example given here pertains to a hydrogenated protein that has undergone vapor 
exchange with deuterated buffer. 
 
We have added the following note to accommodate for perdeuterated proteins: 
  
Line 902: “Note: If a perdeuterated protein is used, select the option “Add hydrogens to model 
if absent” and select “H/D at exchangeable sites, D elsewhere”. 
 
(xiii) page 9 line 418 re water molecules some mention is needed that both deuteriums are not 
always seen ie due to mobility, spinning, of the water along on axis. (A forward reference to line 
564 could be made from here.) 
 
The effect of water mobility (i.e. high B-factors) on the form of neutron scattering length 
density maps has been addressed in Line 1519: “When analyzing neutron scattering length 
density maps, water molecules are clearly visible if they are highly ordered, however their 
density may be spherical or ellipsoidal if they are not well-ordered (Figure 11C-E).”  
 
(xiv) Page 10 line 447 for neutron only a specific point should be made that the wavelength 



used for the MR X-ray model was a particular monochromatic value and therefore, along with 
the absolute unit cell distances, the neutron refinement is in effect also calibrated to that 
specific wavelength via the X-ray structure bond lengths. The point being that Laue data, 
neutron or X-ray, must be tethered to a monochromatic X-ray wavelength value. Obviously 
where monochromatic neutron diffraction data are used then that wavelength should be used. 
 
In a Laue experiment (X-ray or neutron), only the ratio of the unit cell parameters can be 
accurately determined. Therefore the refinement should be performed using the unit cell 
parameters determined by the accompanying monochromatic X-ray experiment.  
 
(xv) page 11 lines 495 to 500 this statement is not applicable to the quite often used case of "X 
then n" MX refinement whereby all non-hydrogen atoms are fixed at the X-ray positions. 
Obviously this still requires the X and the n data sets to be measured from identically prepared 
protein crystals and at the same temperature. 
 
We have deleted this note to not complicate the discussion with a third type of refinement that 
we do not otherwise present in the manuscript.  
 
(xvi) Figure 33C, the nuclear density to guide placing deuteriums on a bound water, is there 
surely a better example ie one that shows a boomerang shape? (Or, add a forward reference to 
Figure 39.) Otherwise, excellent figures. :-) 
 
We were not able to observe FO-FC neutron SLD map density peaks with the “boomerang” 
shape since the resolution of the presented data was not sufficiently high, yet this resolution is 
typical of most neutron data sets. 
 
(xvii) Some comment needed somewhere encouraging the PDB to introduce a Validation report 
for neutron MX structures. 
 
Although this is a very relevant concern for neutron data deposition, we believe that it is 
beyond the scope of this manuscript which seeks to visually inform potential users on sample 
preparation, data collection and analysis. 
 
(xviii) Line 533:- "…indicate that while hydrogen bond interactions can be deduced from X-ray 
data, neutrons provide clear information regarding the position of these hydrogen bonds 
(Figure 35)." Deduced is a strong word, maybe 'inferred' or 'indicated' is more the actuality? 
 
The sentence has been reformulated:  
 
Line 1473: “A map overlay of electron and neutron scattering length density maps for water 
molecules also indicate that while hydrogen bond interactions can be inferred from X-ray data, 
neutrons provide clear information regarding the position of these hydrogen bonds (Figure 8).” 
 
 



 
Reviewer #2: 
  
Manuscript Summary: 
 
The authors present the workflow of neutron protein crystallography. This manuscript focuses 
on mounting a protein crystal, neutron diffraction data collection, structure refinement, and 
analysis of SLD maps. The study is well conducted, and the methods used are appropriate. The 
data is presented clearly. This paper is very useful for researchers with little experience in 
neutron crystallography because the explanations in the text are very practical. This paper will 
be of interest to many protein crystallographers, as well as researchers in the field. 
 
We thank the reviewer for positively appraising our manuscript. 
 
 
Major Concerns: 
No 
 
Minor Concerns: 
 
In discussion, I think the authors should give more information about the benefit of the high-
resolution neutron diffraction data using H/D exchanged crystal. Thus, we can detect SLD map 
of hydrogen at non-exchangeable sites using high-resolution data. This is important information 
to evaluate the nature of the ligand and the cofactor in the protein (e.g., pKa of the group). 
 
We agree with the reviewer that if the protein is perdeuterated (so that the non-exchangeable 
hydrogen atom sites are occupied by deuterium) it is possible to see the deuterium positions of 
these non-exchangeable atoms on neutron scattering length density maps. However these 
positions are not titratable (non-exchangeable) and as such do not have pKas. 
 
To further elaborate on the value of perdeuterated structure in neutron protein diffraction we 
have included the following In the Discussion: 
 
Line 2141: “This is beneficial when characterizing hydrogen/deuterium bound at non-
exchangeable sites in a protein or cofactor.” 
 
L354 
I can perform neutron data refinement in "Basic" user level in Phenix. This may depend on the 
version of Phenix and OS. I think it would be useful if the authors gave more information about 
the version of the software (Phenix, CCP4, and Coot) and OS used in the study. 
 
We have included the software used for structure refinement in the Table of Materials and 
have removed the requirement to use the “Advanced” level in Phenix for structure refinement. 



 
L879 
Recently, many neutron diffraction data collection are carried out at cryo-temperature. 
"Since neutron diffraction data is generally collected at room temperature (300K)" would be 
better as "When neutron diffraction data is collected at room temperature (300K) ". 
 
We note that while reviewer 2 states that “Recently, many neutron diffraction data collection 
are carried out at cryo-temperature”, reviewer 1 noted that “there have still been rather few 
such publications”. Therefore we do not comment on frequency of one method over the other 
but rather focus on describing the steps of each method as we include both examples in our 
manuscript. 
 
We have reformulated this to highlight that if X-ray data is collected at room temperature, it 
should be done using a low-dose data collection strategy. 
 
Line 2263: “For neutron diffraction data collected at room temperature (300K), the 
corresponding X-ray dataset will should be collected at room temperature using a low-dose 
data collection strategy to limit radiation damage.” 
 
We have also reformulated Line 164 to read: “Data can be collected at room temperature, 
currently the most employed method for neutron diffraction, or at cryo-temperature which can 
potentially improve data quality and opens up the possibility for freeze-trapping catalytic 
intermediates.” 
 
L883 (L407) 
The authors should briefly describe the difference between "fill" map and "no_fill" map. 
 
We have included a more detailed explanation of the difference between “fill and no_fill” maps 
and their role in model bias. 
 
Line 2244: “It should also be taken into account that neutron diffraction data usually has a 
completeness of ~80%, which is lower than the routinely observed ≥ 98% for X-ray diffraction 
data. When refining neutron diffraction data in Phenix, the missing observed amplitudes (Fo) 
are therefore calculated from the model to complete the reflection list, thus introducing model 
bias. To account for this potential bias “no_fill” maps should be examined during interactive 
model building as opposed to “fill” maps. “ 
 
 
 
 
 
 
 
 



Reviewer #3:  
 
This manuscript walks the reader through what is a rather intensive diffraction technique 
(macromolecular neutron crystallography) that remains difficult, despite 20 years of new 
beamlines, and over a decade of streamlining the data collection and structure refinement 
process. The two instruments at Oak Ridge are the only suitable beamlines for large unit cell 
crystals available in the US at present, and the manuscript presents a fair amount of detail into 
the data collection specifics at MaNDi and IMAGINE. Overall, this should be published, with 
some revisions that address the issues outlined below. 
 
Pg. 1, lines 57-58: It is worth mentioning that it is difficult to see hydrogen atoms even in the 
highest resolution X-ray structures, especially the mobile and mechanistically important ones. 
One of the strengths of neutron diffraction is visualizing hydrogen atom positions, at moderate 
resolutions. 
 
To further highlight the strengths of neutron protein crystallography, we have included the 
following: 
 
Line 62: “Conceptually similar to X-ray diffraction, neutron diffraction provides atomistic details 
of macromolecular structure, however, the interaction of neutrons with nuclei enables 
localization of light atoms, often difficult to detect with X-ray diffraction1. During X-ray 
diffraction, X-ray photons scatter from the electron cloud, making light atoms such as hydrogen 
poorly visible in electron density maps that do not have near sub-Ångström resolution.2 In 
contrast, the scattering intensity of neutrons depends on complex interactions with the 
nucleus. Therefore, light atoms and their isotopes, such as hydrogen and deuterium, have 
comparable visibility to the backbone carbon, nitrogen and oxygen atoms in neutron scattering 
length density maps.” 
 
Pg. 2, lines 89-95: The hydrogen isotopes need to be consistently labeled, maybe it is best to 
use 1H and 2H with D in parentheses. The NIST scattering lengths should be included in the 
text, with + and - for emphasis. Table 1 could include some of the more commonly metal ions in 
biological systems (Zn, Ca, Fe, etc.). 
 
We have included designation of hydrogen (1H) and deuterium (2H(D)) in the introduction. The 
values of the scattering lengths has been included for the elements discussed in paragraph 3. 
Furthermore, Table 1 has been modified to include more elements commonly found in 
biological systems. 
 
It should also be mentioned in the text that the neutron coherent scattering lengths of C, N, O 
are similar to D atoms, and that unlike X-rays, the scattering across the periodic table is not 
related to the number of electrons. This obscures electron density of light elements in the 
vicinity of heavy elements such as those in metal clusters, whereas with neutrons this is not an 
issue- it should be mentioned as yet another advantage of using neutrons to study 



metalloproteins, in addition to the lack of radiation damage of these rather sensitive 
assemblies. 
 
We have elaborated on the differences between X-ray and neutron scattering: 
 
Line 65: “During X-ray diffraction, X-ray photons scatter from the electron cloud, making light 
atoms such as hydrogen poorly visible in electron density maps that do not have near sub-
Ångström resolution2. In contrast, the scattering intensity of neutrons depends on complex 
interactions with the nucleus, with isotopes of the same element displaying different scattering 
lengths. Therefore, light atoms and their isotopes, such as hydrogen (1H) and deuterium (2H or 
D), have comparable visibility to the backbone carbon, nitrogen and oxygen atoms in neutron 
scattering length density maps. Furthermore, since the magnitude of neutron scattering is 
independent of number of electrons, scattering from light elements is not obscured by heavy 
elements when they are in close vicinity to each other, as is observed in X-ray scattering.” 
 
 
Pg. 2, line 115, similarly Pg. 11, lines 495-500: "neutron diffraction data provides information 
solely on the position of the hydrogen / deuterium atoms". This is not true. Each reflection is 
composed of scattering contributions from each atom in the unit cell and vice versa. 
 
In the cases discussed in the text in those instances, the intention was not to suggest that the 
data obtained from neutron diffraction only provides signal from H and D. The intent was to 
emphasize that during a joint refinement, during which both X-ray and neutron data are used, 
the neutron scattering length density maps are used to determine the position of the H/D 
atoms while the X-ray density maps are used for the backbone and C,N,O and S coordinates. 
 
This has been rephrased for clarity: 
 
Line 170: “Joint X-ray neutron data refinement increases the data-to-parameter ratio and 
provides the advantage of allowing the protein backbone coordinates to be refined against the 
X-ray data, while the neutron diffraction data is used  to refine the position of the 
hydrogen/deuterium atoms28.” 
 
Line 1375: “ NOTE: Model building using neutron-only data differs from model building of a 
joint X-ray/neutron structure because there is no X-ray data to contribute to the refinement of 
the coordinates of the backbone and “heavier” atoms. In a joint refinement, the electron 
density map is initially used to determine the protein backbone and sidechain coordinates. This 
model is subsequently used in a joint X-ray/neutron data refinement in which the orientation 
and occupancy of H/D atoms is derived from the neutron SLD map. In a neutron-only 
refinement, the entire structure is derived from analysis of the neutron SLD maps, requiring 
building of the backbone, side-chains and ligands in addition to the H/D atoms. The data-to-
parameter ratio is low in refinements against  neutron data lone and caution should be taken 
not too overfit the data.” 



 
Pg. 4, sections 3 and 4: A couple of technical suggestions, one is to invert the cover slide with 
the mother liquor facing down to slow the evaporation. The capillary should be cut smooth at 
the ends to avoid damaging the crystal(s), which tend to be pretty fragile at the size they grow 
to. Sandpaper is a good way to score the capillary to get a smooth break. 
 
There are many techniques that can be applied during crystal mounting, and we are presenting 
only one of the possibilities. We do however not think that it is technically feasible to invert the 
cover slide during crystal harvesting. 
 
Line 305: “NOTE: Capillary mounting protocols vary with experimentalist preferences. To prevent 
damage to crystals, capillaries that need to be shortened should be scored with a cutting stone 
or sandpaper to ensure a smooth break.” 
 
Pg. 5, section 4.10: maybe not reference the specific crystal (NcLPMO9), as this should be more 
of a general flowchart for neutron diffraction-ready crystal preparation. 
 
We have removed NcLPMO9D to keep the protocol more general.  
 
Pg. 5, section 5.2: "furthest the crystal", should be "furthest from the crystal". 
 
This has been corrected. 
 
Pg. 5, section 5.4: "twice more with four days intervals", should be "twice more at four day 
intervals". 
 
This has been corrected. 
 
Pg. 10, section 7.2.3.3: Real space refine in Coot is really not advisable against the nuclear 
density maps, best not to use this option at all. With very few exceptions, the nuclear density 
maps just are not resolved enough to do this. Also this option is to be avoided when placing the 
D2O molecules. In practice the water orientation is guided more by hydrogen bonding 
geometry than by the maps. Figure 32 shows the real space refine option applied to the 
electron density maps- the manuscript should at least make this clear that it's a more suitable 
option for the electron density maps and will likely fail for the nuclear density maps. 
 
The authors agree with the reviewer, “Real Space Refine Zone” is not recommended for 
neutron SLD maps in Coot. However, since this protocol is aimed at X-ray crystallographers 
interested in neutron protein crystallography, we considered it informative to highlight the 
shortcomings of “Real Space Refine Zone” and how to fix the “exploding” atoms that result 
since it is routine to use “Real Space Refine Zone” when performing interactive model building 
for X-ray structures. 
 
To highlight the pitfalls of “Real Space Refine Zone”, we have included the following: 

http://7.2.3.3/


 
Line 1378: “Note: “Real Space Refine Zone” is not optimized for neutron SLD maps in Coot and 
may result in irregular bond lengths for atoms bound to deuterium, termed “exploding 
residues” (Supplementary Figure 26). It is preferable to manually edit the necessary atomic 
coordinates and avoid use of “Real Space Refine Zone”.” 
 
Pg. 11, line 513: Which space group is it? Figure 24 shows P21- maybe it should be stated in the 
manuscript that fewer frames are required for higher symmetry space groups. 
 
We have included the NcLPMO9D space group and clarified that higher symmetry is beneficial 
because fewer frames have to be collected. 
 
Line 1479: “Given the P21 space group of the crystal, a data collection strategy of 18 frames 
with a collection time of 20 hours per frame was implemented. As with X-ray diffraction data 
collection, higher symmetry space groups require fewer frames (i.e. less angular coverage) to 
collect a complete dataset.” 
 
Pg. 14, line 652: misspelling. 
 
This has been corrected. 
 
Pg. 18, lines 845-869: The choice of vapor exchange of labile hydrogen atoms needs a clearer 
explanation, vs. completely unexchanged, vs. perdeuterated crystals. Perdeuteration of crystals 
seems to have mixed results in terms of crystal size, diffraction quality, and also yield of 
protein, c.f. perdeuterated rubredoxin (Munshi / Meilleur Acta cryst D 2012), perdeuterated 
beta-lactamase (ref. 47), haloalkane dehydrogenase (Liu / Viola Acta cryst D 2007), 
perdeuterated DFPase (Blum / Chen 2010), and others. 
 
It should be added that the most straightforward, cost-effective, and practical option is vapor 
exchange, that will replace a certain percentage of hydrogen atoms in proteins and solvent and 
will decrease the background from the incoherent scattering of 1H atoms, and also yield some 
basic information about the dynamics of the protein by the exchange of backbone amide 
protons (Kossiakoff Nature 1982, Bennett / Dealwis PNAS 2006, Blum / Chen PNAS 2009, and 
others). 
 
Easiest thing is to move the perdeuteration discussion to the end of the paragraph, and start 
with the description of soaking in deuterated buffer / deuteration via vapor exchange in 
capillary. Personally, the reviewer would attempt perdeuteration as a last resort, for many of 
the reasons the authors mention in the paragraph. 
 
This has been addressed by rephrasing paragraph 2 of the discussion as suggested by the 
reviewer to first describe H/D vapor exchange of a hydrogenated protein crystal and then 
mention the additional alternatives such as perdeuteration. 



 
Pg. 19-20, lines 871-894: The structure refinement protocols are rather confusingly laid out. The 
authors discuss the use of joint X-ray and neutron refinement, and also neutron-only 
refinement, but do not say why it is done this way. At some point it would be good to explain 
the need for joint X-ray / neutron refinement vs. neutron refinement on its own. Introducing 
the data-to-parameters ratio is a good idea here- that the addition of H / D atoms and relative 
H / D occupancies increases the number of parameters being refined and can de-stabilize 
refinement. Having X-ray data, generally containing many more observations, higher resolution, 
higher completeness, can alleviate this issue to a certain extent. 
 
The authors have included both joint X-ray/neutron and neutron-only refinement to provide 
readers with instructive examples of both. The joint technique was discussed first because, as 
the reviewer mentions, it has the advantage of higher completeness and resolution, and 
provides the backbone upon which a neutron data-derived structural information can be built.  
 
In paragraph 4, we have elaborated on the advantages that a joint refinement offers i.e. using 
the X-ray data to determine the backbone coordinates since neutron SLD maps are often 
incomplete due to H atom negative scattering lengths and the improvement of the data-to-
parameter ratio. We also discuss that if the neutron data is of sufficient resolution or a 
perdeuterated sample was used, neutron-only refinement is recommended. In addition, 
neutron-only data refinement is particularly useful if a protein highly sensitive to radiation 
damage is being studied, since an X-ray derived structure may possess radiation-induced 
artefacts. 
 
Pg. 20, line 888: High-resolution neutron structures (Chen et al., PNAS, 2012; Cuypers, et al., 
Angew. Chemie, 2013) should be referenced. The cancellation effects noted in nuclear density 
maps are less obvious at these resolutions, but this is of course rarely seen in the majority of 
macromolecular neutron structures which are at moderate resolutions. 
 
We have referenced the recommended articles. 
 
Pg. 20, 896-925: This section could use some discussion about occupancy refinement of 
exchangeable H / D sites in Phenix, which atoms should be refined, which ones should be set to 
full D occupancy, etc. This is important for active site residues where protonation states are 
most relevant. 
 
We have included a discussion about occupancy refinement in paragraph 3 of the discussion 
since this paragraph addresses refinement procedures, programs and model bias in maps. 
 
Line 2187: “When performing refinements in Phenix, exchangeable H/D sites will initially be set 
to 0.50 occupancy for H and D. As refinements are performed, the occupancy of H and D will be 
refined according to the neutron SLD maps. During interactive model building, difference 
density Fo-Fc maps are very informative in assessing H/D occupancies. Maps can be used to 
determine which sites possess high D occupancy, which is particularly informative at the active 



site where protonation states are catalytically relevant62. Ambiguous situations do arise, 
however, when the H:D occupancy is close to 0.70:0.30 which results in signal cancellation in 
neutron SLD maps63.” 
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