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SUMMARY 
 
We propose to build a best-in-class, high-resolution Macromolecular Neutron 

Diffractometer (MaNDi) at the Spallation Neutron Source.  MaNDi has been designed 
and optimized to achieve 1.5 Å resolution for crystals of 0.1 to 1 mm3 with lattice repeats 
in the range of 150 Å.  In addition, the MaNDi design will allow for neutron data 
collection, to resolutions of between 2.5 and 3 Å, on more challenging macromolecular 
samples with unit cell dimensions up to 250 to 300 Å.  Based on an analysis of the 
Protein Data Bank (PDB), the proposed MaNDi instrument will increase the percentage 
of potential macromolecular systems that can be studied by neutron diffraction, by the 
best currently available instruments, from 49% (7,995 out of 16,252 of the structures 
deposited in the PDB that diffract to beyond 2.4 Å resolution and with unit cell edges < 
150 Å) to 82% (13,270 out of 16,252).  The large increase in the number of 
macromolecular systems that can be studied by MaNDi over currently available 
instruments, the unique information that can be obtained from neutron macromolecular 
crystallography, and the ability to collect data sets within 1 to 7 days, emphasize the 
potential scientific impact that we expect MaNDi to have on many areas of structural 
biology including enzymology, protein dynamics, drug design, and the study of 
membrane proteins.  

 
This proposal has been prepared from contributions from the Instrument Design 

Group and from the participants of the workshop on "Neutron Macromolecular 
Crystallography at the Spallation Neutron Source" held during October 2-3, 2003 at 
IPNS, Argonne National Laboratory.  The community enthusiastically welcomed gains of 
10 to 50-fold in performance expected with the MaNDi instrument and agreed that this 
advance would revolutionize the field of macromolecular neutron diffraction.    
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SCIENTIFIC CASE 
 
1.1 Overview 
 

Neutron Macromolecular Crystallography (NMC) can fill an important niche in 
structural biology, enzymology, and functional genomics due to its versatility in the 
accurate determination of protons, protonation states, and hydration in macromolecular 
crystals even at a moderate 2.0 to 2.5 Å resolution (Wlodawer, 1982; Wlodawer & 
Hendrickson, 1982; Kossiakoff, 1983; Kossiakoff, 1984; Schoenborn, 1984; Wlodawer et 
al., 1984; Borah et al., 1985; Kossiakoff, 1985; Schoenborn, 1985; Raghavan & 
Wlodawer, 1987; Wlodawer et al., 1989; Timmins, 1995; Schoenborn, 1996; Helliwell, 
1997; Niimura et al., 1997; Bon et al., 1999; Niimura, 1999b; Habash et al., 2000; Shu et 
al., 2000; Coates et al., 2001; Gutberlet et al., 2001; Ho et al., 2001; Kurihara, 2001; 
Ostermann et al., 2002; Tsyba & Bau, 2002).  Although ultra-high resolution X-ray 
macromolecular crystallography (UHRXMC) at third generation synchrotron sources, on 
cryo-protected highly ordered protein crystals, can locate some of the more ordered 
hydrogen atoms (Longhi et al., 1997; Kuhn et al., 1998; Jelsch et al., 2000) and 
determine the protonation states of amino acid side chains (Berisio et al., 1999) there are 
many instances where the information obtained remains inadequate.  For instance, in 
myoglobin, even at resolutions better than 1.15 Å, UHRXMC did not provide hydrogen 
positions (Kachalova et al., 1999; Vojtechovsky et al., 1999; Miele et al., 2003), whilst 
NMC on perdeuterated protein enabled the same hydrogen atom positions to be 
visualized in a structure determined to 2.0 Å resolution (Shu et al., 2000).  

 
The knowledge about protonation states of amino acid residues in the active sites 

of enzymes is crucial for an understanding of reaction mechanisms.  Identification of 
protonated amino acids in the catalytic center can make it possible to discriminate 
between two or more competing reaction models (Schmidt et al., 1996).  In trypsin this 
type of critical information from NMC helped to resolve the question about which of the 
two amino acids, Asp-102 or His-57, is the origin of the catalytic proton (Kossiakoff & 
Spencer, 1981).  

 
The large difference in the neutron scattering cross-sections of hydrogen and 

deuterium nuclei has been exploited to extract important structural information on 
exchangeable protons and bound water in macromolecules.  At a higher resolution (1.5 
Å) neutron diffraction shows the degree of order of water molecules in the crystals 
(Engler et al., 2003).  Such information is very difficult to obtain from other techniques.  

 
Crystals of perdeuterated proteins provide enhanced visibility of deuterons in the 

neutron crystallographic data (Shu et al., 2000), due to the combined effects of large 
coherent and small incoherent scattering cross-sections of deuterium, which increases the 
signal-to-noise ratio by a factor of eight when compared to normal proteins.  This 
enhanced signal-to-noise ratio also makes it possible to work with much smaller crystals.  
Perdeuterated crystals offer unique advantages in determining the exchangeable protons 
and provide access to information on the charge density distribution from X-ray and 
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neutron difference maps. Thus, NMC offers a number of unique advantages with respect 
to addressing important problems in enzymology and structural biology.   

 
Another area where NMC has a great potential to make a strong impact is the 

structural biology of membrane proteins.  Although X-ray Macromolecular 
Crystallography (XMC) has tremendous success in solving the crystal structures of 
soluble proteins, and the Protein Data Bank (PDB) currently includes over 21,000 entries, 
to date only a handful of membrane proteins (36 PDB entries) have been solved despite 
the fact that about 30% of the genome consists of membrane bound proteins.  One 
obvious reason for this limited success is the difficulty in growing high quality crystals of 
membrane proteins.  A unique advantage with NMC is its ability to reveal the structure of 
the detergent in the membrane proteins at low resolution (Pebay-Peyroula et al., 1995; 
Penel et al., 1998; Prince et al., 2003) when measurements at different contrasts are 
combined. Such information would be quite valuable to learn about the mechanisms 
involved in membrane protein crystallization and would provide impetus to the growth of 
this very important field. 

 
 Even though NMC is a powerful technique, its productivity has been severely 
constrained by the scarcity of facilities and the intrinsic low brightness of available 
neutron sources.  Currently there are only a very limited number of instruments that are 
recognized to be useful for high resolution single crystal macromolecular neutron 
crystallography:  LADI at the Institut Laue-Langevin (ILL), Grenoble, France; 
BIX3/BIX4 at the Japan Atomic Energy Research Institute (JAERI), Tokai; and PCS at 
Los Alamos National Laboratory (LANL).  While the reactor based LADI and BIX3 
instruments were operational during the past five to seven years, the time-of-flight 
diffractometer PCS at the spallation source at Los Alamos National Laboratory has only 
become available during early 2002.  
 
 Since its inception in 1995, LADI has raised the molecular weight ceiling above 
30 kDa for NMC studies of proteins such as aspartic proteinase at 2 Å resolution (Coates 
et al., 2001). Gilboa et al. (Kalb(Gilboa) et al., 2001) took this to new limits with the 50 
kDa case of glucose bound concanavalin A with a cubic unit cell repeat of 167 Å. The 
large incoherent background inherent to Laue diffraction is greatly ameliorated by 
perdeuteration, and recent work has shown that it is possible to collect high resolution 
data (~2.2 Å) from small (0.14 mm3) crystals, although spatial overlap of reflections at 
the detector limits application with unit cells > 100 Å.  BIX3 (Tanaka et al., 2002) at 
JAERI, by using monochromatic neutrons, enabled diffraction studies on locating 
hydrogen and hydration in several proteins and nucleic acids (Niimura et al., 1997; 
Niimura, 1999a). Although the background is much smaller than that at LADI, thus 
enhancing the signal-to-noise (Tanaka et al., 2002), the low flux at BIX3 limits studies on 
crystals with large unit cells. 
 
 The PCS instrument at the Los Alamos Neutron Science Center (LANSCE) is the 
only instrument currently operating in the U.S.A. for NMC.  The time-of-flight 
wavelength resolved Laue diffraction technique employed at PCS (Langan et al., 2004) 
offers indisputable advantages over the conventional Laue method at LADI in using a 
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large wavelength band (0.7 - 7 Å) and spreading the diffraction peaks as well as the 
background into a large number of wavelength channels.  This has enabled diffraction 
data to be collected for D-xylose isomerase (Hanson et al., 2004), with an I-centered  unit 
cell of dimensions 94 x 99 x 103 Å, which is one of the  largest systems addressed to date 
by NMC at high resolution (~2.0 Å).  Recognition in the scientific community of the 
unique information obtainable with NMC has already resulted in oversubscription factors 
of greater than two on neutron instruments worldwide and greater than three for the 
LANSCE PCS instrument.  Higher flux is required for studies on crystals of smaller 
volumes and larger unit cells (>100 Å) at resolution in the range of 1.5 Å.  Thus, there is 
an urgent need for powerful high resolution diffractometers for NMC. 
 

With the advent of the Spallation Neutron Source (SNS) at Oak Ridge National 
Laboratory, an excellent opportunity exists for the development of a powerful high 
resolution neutron diffractometer for structural biology.  SNS will produce more than an 
order of magnitude higher intensity than the Los Alamos facility, and the opportunity 
exists at SNS to design a fully optimized diffractometer for NMC.  Furthermore 
cryogenic moderators, state-of-the-art neutron guides, and high sensitivity, high 
resolution detectors should allow additional factors of increased data rates and improved 
resolution to be realized.   

 
Here we propose to develop a dedicated, best-in-class and high resolution time-of-

flight single crystal macromolecular neutron diffractometer (MaNDi) at the SNS high 
power target station (HPTS), which operates at 60 Hz.  Design calculations, using 
analytical expressions and Monte Carlo simulations, show that the data rates at the 
MaNDi instrument can be over 50 times greater than at PCS.  Thus, it should be possible 
to investigate larger unit cell systems at high resolution, using smaller crystals.  It is 
expected that the unprecedented, high data rates and resolution with MaNDi will 
revolutionize NMC and greatly advance the field of structural biology. 
 
1.2 Protein Data Bank Statistics of Macromolecules Amenable to Neutron 

Diffraction Analysis -- The Impact of MaNDi 
 

The completion of the human genome project has ushered in the eras of functional 
genomics, proteomics, and structural genomics.  The unifying theme of these fields is 
focused on structure-function relationships, which is a well-accepted hypothesis in 
modern biology, biochemistry, and biophysics.  Structural biology is currently 
experiencing unprecedented growth as a field, and it will continue to grow over the next 
decade due to new projects, initiatives, and developments in structural genomics 
worldwide.  Macromolecular X-ray crystallography and NMR spectroscopy will continue 
to play major roles in the determination of new macromolecular structures as well as in 
structures of macromolecule-ligand complexes.  However, neutron macromolecular 
crystallography can fill an important niche in structural and functional genomics that X-
ray crystallography and NMR spectroscopy cannot adequately fulfill. 

   
Solution nuclear magnetic resonance (NMR) spectroscopy is a complementary 

experimental technique with neutron diffraction.  Both techniques have the ability to 
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identify the locations of protons and water molecules, which are essential for detailed 
physico-chemical studies of enzymes, proteins, and nucleic acids.  However, because of 
the nature of polarization transfer that is so essential to NMR, characterization of 
protonation states of carboxyl and hydroxyl containing amino acid side chains is 
problematic (Qin et al., 1996).  In addition, water molecules bound to macromolecules 
are detected by NMR through the effect of bulk solvent on amide nitrogen magnetization, 
thereby localizing the water (Mori et al., 1996a; Mori et al., 1996b; Hwang et al., 1997; 
Hwang et al., 1998).  Consequently, essential water molecules such as those involved in 
catalysis that are not coordinated with amide groups are difficult to detect by solution 
NMR.  Finally, one of the strengths of NMR is its ability to characterize protein 
dynamics (Palmer et al., 2001; Kempf & Loria, 2002).  The nature of protein motion 
often results in broadened NMR resonance lines thereby lowering the signal-to-noise of 
the experiment.  In some cases this loss of sensitivity makes interesting resonances 
difficult to detect.  Neutron diffraction does not suffer from these limitations as it directly 
detects the location of protons and not via indirect effects as done in NMR.  

 
 Macromolecular X-ray crystallography will continue to be the front runner in the 

determination of new structures.  Currently, X-ray crystal structures account for over 
80% of the structures deposited in the PDB. In the late 1990’s, with the advent of third-
generation synchrotron sources, it was envisioned that ultra-high resolution, i.e. 0.5 Å to 
1.1 Å, X-ray structures would provide detailed information on the positions of individual 
hydrogen atoms in the active sites of enzymes.  However, this hypothesis has not been 
fully realized since not all hydrogen atoms in these structures could be identified, 
especially within the active sites.  Since only about one percent (244 out of 21,233) of the 
X-ray structures in the PDB have been determined to 1.1 Å resolution (see Figure 1.2-1), 
it is clear that the vast majority of macromolecules cannot be studied by ultra-high 
resolution X-ray diffraction.  In addition, since the majority of proteins have sizes that are 
beyond the optimal sizes to be studied by NMR spectroscopy, it will be virtually 
impossible to identify the hydrogen atoms involved in the catalytic mechanisms for the 
vast majority of large macromolecules.  

 
Neutron diffraction has been shown to be reliable at locating hydrogen atoms at 

resolutions as low as 2.4 Å. As of July, 2004, 72.2% of all X-ray structures deposited 
(16,25, out of 21,233) have been determined to better than 2.4 Å resolution (see Figure 
1.2-1).  These resolution statistics suggest that the majority of structures in the PDB have 
the potential for study by macromolecular neutron crystallography under appropriate 
circumstances, including growth of protein crystals of sufficient size and being able to 
collect high resolution diffraction data at a neutron source that has beamline(s) optimized 
for collecting data on large macromolecules.  



 12

 
 
Some of the considerations in the design of MaNDi include; 1) the molecular 

weight of the macromolecule that can be studied, 2) the unit cell dimensions of the 
crystalline samples, and 3) the maximal resolution for data collection that is attainable for 
individual samples.  To date, most of the completed neutron diffraction structures 
deposited in the Protein Data Bank have been determined to between 1.5 to 2.4 Å 
resolution, and on crystals of proteins with molecular weights less than 35,000 Da and 
with unit cell edge lengths less than 90 Å in the longest dimension (Table 1.2-1).  Most of 
the examples listed in Table 1.2-1 include proteins that have been studied intensively for 
well over a decade for a variety of reasons including that they are small proteins, they 
have small unit cells, they readily produce crystals with dimensions greater than 1 or 2 
mm3, and their crystals diffract X-rays to very high resolution. However, the neutron 
structures listed in Table 1.2-1, and the additional five neutron structures deposited in the 
PDB prior to 1990, represent a very small fraction of the total spectrum of proteins in the 
PDB that are amenable to neutron diffraction studies.  One of the reasons for this paucity 
in the number of protein structures determined by neutron diffraction is that there are 
very few neutron sources worldwide that are available for macromolecular neutron 
diffraction. Moreover the currently available neutron sources are not optimized to collect 
high resolution neutron diffraction data on macromolecules with molecular weights well 
beyond 35,000 Da. 
 

 
Figure 1.2-1.  Protein Data Bank Statistics (July, 2004) on the 
number of structures determined within a given resolution range.   
The data range for the resolution limits are shown in 0.1 Å in-
crements starting from 0.5 Å and ending at 3.1 Å.  The structures 
with all unit cell edge lengths less than 100 Å are shown in yel-
low, and all structures with all unit cell edge lengths less than or 
equal to 150 Å are indicated in blue.  All structures in the PDB 
are indicated in red. 
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Table 1.2-1. Published and Unpublished Neutron Diffraction Structures of Proteins Since 
1990 
 

Protein 
Molecular Weight, Da 

Resolution 
Limit 
(Å) 

 
a (Å) 

 
b (Å) 

 
c (Å) 

 
β 

Year 

1D-Xylose Isomerase 
43,227 2.5 94 100 104  2003, Preliminary 

results 
2D-Xylose Isomerase 
43,227 2.2  94 100 104  2004, In 

preparation 
2trp repressor 
11,546 2.1 53.6 53.3 32.7  2003 
3Rubredoxin 
5,841 1.6 34.3 35.3 44.2  2003 
2Rubredoxin 
5,841 (@14 Kelvin) 1.7 34.3 35.3 44.2  2004, In 

preparation 
3Myoglobin 
17,184 1.5 64.5 30.9 34.9 105.9o 2002-03 
2Endothiapepsin 
33,615 2.1 43.1 75.7 42.9 97.0o 2001 
4Myoglobin 
17,184 2.0 64.5 30.9 34.8 105.8 o 2000 
2Concanavalin 
25,583 2.4 89.1 87.5 63.2  2000 
2Concanavalin 
25,583 (@14 Kelvin) 2.4 89.1 87.5 63.2  2004, Submitted  
2,5Concanavalin 
51,166 
(2 x 25583 in the 
asymmetric unit) 

~4.0 167.8 167.8 167.8  Unpublished 

2Ferritin 3.2 183 183 183  Unpublished 
2Lysozyme 
14,296 1.9 27.3 32.0 34.2 

108.8 o 
α=88.8 o 
γ=111.6 o 

1999 

2Lysozyme 
14,296 2.0 80.8 80.8 37.1  1997 
2Lysozyme 
14,296 2.1 28.0 62.9 60.3 90.7 2001 

Crambin 
4743 1.1 41.01 18.69 22.64 90.65 Unpublished 

1Data collected at the PCS at LANSCE, Los Alamos National Laboratory. 
2Data collected on the LADI instrument, Institute Laue Langevin 
3Data collected at BIX-3 at the JRR-3M Reactor at the JAERI. 
4Data collected at the High Flux Beam Reactor at Brookhaven National Laboratory 
5Unpublished  data from John Helliwell.  No structure determined. 
 

On the other hand, the proposed MaNDi instrument has been designed and 
optimized to collect high resolution neutron diffraction data on the vast majority of 
potential macromolecules likely to be encountered by the user community.  Our analysis 
of the PDB statistics indicates that about 82% (13,270 out of 16,252) of all X-ray 
structures deposited in the PDB that have been determined to better than 2.4 Å have unit 
cell edge lengths that are less than or equal to 150 Å in all three dimensions.  In contrast, 
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only 49% (7,995 out of 16,252) of the X-ray structures determined to better than 2.4 Å 
have unit cell edge lengths that are less than 100 Å in all three dimensions.  Since most of 
the current neutron diffractometers have difficulty in collecting data on crystals with unit 
cell edges above 90 to 100 Å, MaNDi has been designed to collect neutron data on 
crystals with unit cell dimensions up to 150 Å in all three unit cell dimensions. Moreover, 
MaNDi will have the ability to collect lower resolution neutron diffraction data (~2.5 to 3 
Å) on larger unit cells, up to 250 to 300 Å.  Based on these figures, the MaNDi design 
can theoretically accommodate over 80% of all proteins being studied by X-ray 
crystallography, which is an increase of over 65% of the number of proteins that can be 
studied by at currently available neutron sources.  Therefore, MaNDi will be able to make 
a significant impact on our ability to analyze macromolecular structures by neutron 
diffraction. 
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1.3 Status of NMC Facilities in the United States 
 
The Protein Crystallog-

raphy Station (PCS) at Los 
Alamos National Laboratory 
provides a much-needed facil-
ity for the U.S. structural biol-
ogy community. It demon-
strates the use of spallation 
rather than reactor neutron 
sources for NMC.  There is 
little prospect of any large in-
crease in the flux of existing 
reactor neutron sources in the 
United States because of in-
herent limitations (mainly 
cooling) in the fission process.  
However at a spallation source 
there are fewer flux limitations.  Neutrons are produced by bombarding a metal target 
with pulses of high-energy protons and then travel as a function of their energy so that 
neutrons of different energies are detected at different arrival times.  By recording time-
of-flight information, the corresponding wavelength of each neutron can be calculated.  
Time-of-flight techniques in combination with large electronic position sensitive 
detectors (Fig. 1.3-1) allow wavelength-resolved Laue patterns to be collected using all of 
the available, useful neutrons.  The wavelength-resolved Laue technique has all of the 
advantages of the conventional Laue method, including rapid and efficient coverage of 
reciprocal space, but it does not suffer in the same way from reflection overlap and a 
build up of background. 

 
Since August 2002 the PCS has been run as a user facility for the structural 

biology community (Langan et al., 2004; Schoenborn & Langan, 2004).  To date six full 
data sets and four partial data sets have been collected under the user program.  Results of 
three experiments have been published (Hanson et al., 2004; Li et al., 2004; Schoenborn 
& Langan, 2004) and a number of manuscripts are in preparation. 

 
The need for MaNDi is clearly indicated by the current oversubscription of 

available beam-time at PCS by a factor of between two and three.  Furthermore, many 
crystals with sample volumes of <1 mm3 have been tested on the PCS for which full data 
collection is beyond the feasibility limits.  Thus, there are a large number of important 
proteins that crystallize to sizes too small for data collection on the PCS regardless of 
current plans to increase the efficiency of data collection.  The proposed MaNDi 
instrument at SNS is necessary for the study of these proteins and to advance the NMC 
field. 

 
Figure 1.3-1. The area detector and the κ goniometer 
at the PCS. 
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2. Macromolecular Neutron Diffraction in Biology and Medicine 

2.1  The Critical Role of Neutron Protein Crystallography at High Resolution for 
Modeling of Hydrogen Atoms, Water, and Discrete Disorder 

 
 Neutron crystallography at high resolution is critical to understanding protein 
structure and function for two key reasons.  First, neutron crystallography at high 
resolution (higher than ~1.4 Å) makes it possible to accurately model protein and water 
discrete disorder, and disorder is related to protein function.  Second, hydrogens on the 
protein and on water molecules can be visualized more readily by neutron than by X-ray 
diffraction, although the techniques are complementary.  Hydrogens, which are best 
defined following discrete disorder modeling, can provide crucial information for enzyme 
mechanisms and protein/water dynamics. 
 
 How do we know discrete disorder is important?  Protein dynamics are principally 
anharmonic, and thus their energy surface is rough. (Doster et al., 1990)  Kinetic 
parameters for myoglobin and bacteriorhodpsin are consistent with several states of 
almost equal energy and a multi-well potential energy surface. (Rasmussen et al., 1992)  
Protein and water discrete disorder modeling, using high-resolution X-ray and neutron 
data, can define these stable states that contribute to protein function (see below). 
 
 On lowering the temperature, at 200 K protein function appears to cease (Austin 
et al., 1975).  Analysis of 1 Å X-ray models of crambin, a 4.7 kDa, hydrophobic protein, 
from 300 K to 100 K (Teeter, 2001) reveals a break in slope for vibrational factor (B) vs. 
T around 180 K.  The sign of the slope for water vibrational factors changes to negative 
below 180 K due to the glassy nature of water.  The same negative slope is seen for 
discretely-disordered but not for ordered atoms.  Dynamics for water and discretely-
disordered protein atoms are thus uniquely coupled, and this coupling is linked to the 
temperature at which proteins function. 
 
 Crambin struc-
tures at 0.54 Å 
resolution by X-ray 
and at 1.1 Å resolution 
by neutron diffraction 
reveal that discretely-
disordered residues 
are correlated, both 
along the surface of 
the protein and buried 
within the protein.  
Figure 2.1-1 shows the 
same region of the 
protein (three residues 
on the surface each 
with two conforma-

b. c. 

 
Figure 2.1-1. Correlated discrete disorder at the surface of 
crambin from a. X-ray and b. neutron. c. neutron key. 
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tions (red and blue for the X-ray) for the 
X-ray and neutron structures of crambin.  
The correlated nature of this disorder is 
apparent from the different occupancies 
of the two states of – 0.7 for one and 0.3 
for the other, independently refined.  
Note in the blue ovals that the carbon 
density is much weaker for the B 
conformation.  Figure 2.1-1c shows the 
neutron structure, omitting the scattering 
density for clarity.  
  
 Along the protein surface, 
discretely-disordered water molecules 
connect protein residue states.  
Interestingly, this water connection can 
extend over tens of Å, suggesting that water stabilizes each kinetically observed state.  
Water 49 in Figure 2.1-2 has clearly-separated alternative positions depending on 
whether the A (red) or the B (blue) state for Asp 43 and Glu23 are present.  Water 
deuterium atoms can be well-ordered or, as shown in Figure 2.1-2, statistically 
distributed. 
 
 Neutron protein crystallo-
graphy determination of deuter-
iums, at around 2 Å resolution or 
better, matches that at 1.0 Å by 
synchrotron radiation X-rays due 
to the stronger signal of deuterium 
atoms in neutron diffraction.  
When the resolution of X-ray 
diffraction improves to values 
such as 0.6 Å for aldose reductase 
(Howard et al., 2004) or 0.54 Å 
for crambin (Jelsch et al., 2000), 
the valence electron density 
becomes discernible  and the 
direct relation between the 
quantum mechnical orbital description and the observed protein atoms’ orbital shapes is 
seen (Jelsch et al., 2000; Afonine et al., 2004).  However, even in these cases, the 
mobility of hydrogens can abolish their X-ray diffraction signal (Figure 2.1-3), making 
neutron diffraction data desirable.  Here the relative frequency of observation of 
hydrogen atoms in aldose reductase is plotted vs. the temperature factor of the bound 
heavy atom, which has been refined at subatomic resolution (0.66 Å).  While most (90%) 
of the hydrogen atoms are observed for the very well ordered atoms (B~3 Å2), the 
observations diminish linearly with increasing B-factor, and disappear when B is larger 
than ~ 16 Å2.  Therefore, the more mobile hydrogens for both the protein and the water 

 
 
Figure 2.1-2.  Discretely disordered water 
(49) connects A, B alternate conformations. 

 
Figure 2.1-3.  How the observation of hydrogen 
atoms depends on B-factor. 
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molecules are better determined by the neutron approach.  Indeed, the bound solvent 
deuterium constitutes an entire category of deuterium atoms that are more efficiently 
sought by neutron techniques (Habash et al., 2000).  Figure 2.1-4 below shows that 
deuterium atoms for the Tyr 44 residue in the crambin structure and for hydrogen-bonded 
water are clearly visible.  Note the contrast between the hydroxyl deuterium positive 
density (blue) and the tyrosine C-H hydrogen density (magenta). 
 
 The protonation state of amino acids could be determined in ultra-high resolution 

X-ray structures by analysis of bond lengths.  
As emphasized in Deacon et al. (Deacon et al., 
1997), with concanavalin A studied at 0.94 Å, 
the X-ray data-to-parameter ratio is around 5 
whereas at 1.2 Å it is around 2.  Dictionary 
restraints add “data” for refinement, making an 
overall X-ray + restraints data-to-parameter 
ratio of ~6 at 0.94 Å, and ~3 at 1.2 Å.  
However, certain dictionary restraints assume 
protonation states, e.g., for carboxyl side chains.  
At a resolution of 0.9 Å (or higher), X-ray data 
can dominate the dictionary restraints, i.e., for 
ordered carboxyl side chains.  The dictionary 
restraints cannot be removed entirely, because 
some  individual atoms or groups of atoms 
(such as on loops on the protein), where discrete 
disorder cannot be modeled, are sufficiently 

mobile that they diffract relatively more weakly at high resolution even if overall the 
diffraction extends to 0.9 Å.  The dictionary structure restraints are thus essential to retain 
a proper overall geometry.  This can introduce a slight error in bond distances in the 
ordered parts of the structure, but such errors are easily quantified in a separate 
refinement run with the restraints removed (Deacon et al., 1997).  These complications in 
restraints for refinement make neutron diffraction data, even at 1.4 – 2 Å resolution, very 
valuable for determining protonation states which are so important to enzyme 
mechanisms.   
 
 In summary, neutron protein crystallography is very important for both discrete-
disorder modeling and for determination of hydrogen position in solvent and protein, 
including protonation state.  Even ultra-high resolution protein X-ray structures suffer 
from problems due to the weak diffraction of hydrogen and the difficulties in modeling 
mobile parts of the structure.  A more accurate definition of hydrogen and deuterium 
atom positions in the protein and in water is invaluable for understanding protein 
structure and function. 
 

 
Figure 2.1-4. Water deuterium 
atoms are clearly visible by neutron 
diffraction of crambin. 
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2.2 Impact of Neutron Diffraction in Enzymology 
 
2.2.1 Introduction. 
 
 The systematic application of neutron diffraction to identify the critical hydrogen 
atoms involved in the catalytic processes of enzyme systems promises to significantly 
enhance our understanding of the mechanism of enzyme action.  Enzyme reaction 
mechanisms most often involve a series of chemical steps that transfer multiple protons 
either from or to acidic and basic amino acid residues.  Steady-state and pre-steady-state 
kinetic studies can provide valuable information on the individual reaction rates for the 
chemical steps as well as the pKa's of amino acids involved in the proton transfer 
reactions and in substrate binding.  Deuterium and tritium solvent isotope effects can 
provide valuable information on the approximate number of solvent derived protons 
transferred during the transition state of the reaction(s).  High resolution X-ray crystal 
structures can provide atomic resolution, three-dimensional details of the amino acids and 
solvent molecules that are in positions to act as acids or bases, as well as those amino 
acid residues involved in substrate binding.  
 
 Unfortunately, it is extremely difficult to assign the protonation states of 
individual amino acids at active sites via kinetic studies and/or high-resolution X-ray 
crystallographic studies.  In the late 1990’s, with the advent of third-generation 
synchrotron sources, it was envisioned that ultra-high resolution, i.e., 0.5 Å to 1.0 Å, X-
ray structures would provide detailed information on the positions of individual hydrogen 
atoms in the active sites of enzymes.  However, this hypothesis has not been fully 
realized.  In the limited number, i.e., 82, of X-ray structures determined within this 
resolution range, a number of the hydrogen atoms could not be identified in the active 
sites or ligand binding sites of the enzymes.  Since less than 0.5% of all macromolecular 
structures reported in the Protein Data Bank are amenable to ultra-high resolution X-ray 
structure determination, it is clear that that the vast majority of enzyme systems cannot be 
studied by ultra-high resolution X-ray diffraction, and this implies that it will be virtually 
impossible to identify hydrogen atoms involved in the catalytic mechanisms.  
 
 Neutron diffraction studies, on the other hand, can be used on a much larger 
number of enzymes to obtain atomic resolution details of individual hydrogen atoms.  
Since neutron diffraction data determined within the resolution range of 1.5 Å to 2.4 Å 
can be used to identify individual hydrogens and deuterons in enzymes, over 80% of all 
macromolecular X-ray structures deposited in the PDB are amenable to neutron 
diffraction studies using MaNDi.  The potential for studying a vast majority of enzyme 
systems via neutron diffraction could engender a renaissance in enzymology.  For 
instance, structures determined by neutron diffraction could greatly aid in the 
determination of the individual protonation and ionization states of amino acid residues in 
enzyme active sites.  Such data are crucial for correctly assigning the atomic charges and 
pKa values of amino acids, and for reliably establishing those amino acids that are acting 
as acids and/or bases in the mechanism.   
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2.2.2 Endothiapepsin. 
 
 Evidence for the catalytic 
mechanism of aspartic proteases, 
e.g., endothiapepsin and HIV 
protease, is largely based on X-ray 
structures of bound peptide 
inhibitors containing non-
hydrolyzable analogs of the peptide 
bond that is cleaved during catalysis.  
However, the positions of the 
hydrogen atoms on the catalytic 
aspartic acid residues (e.g., 
endathiapepsin residues Asp 32 and 
Asp 215), on the inhibitors and on 
the other active site residues have 
not been determined with any 
certainty.  Atomic resolution X-ray 
data could, in principle, resolve this 
problem.  For instance, there should 
be a significant difference between 
the C–OH and C=O bond lengths 
(1.3 Å for the C–OH bond and 1.2 Å 
for the C=O bond) in neutral 
carboxylic acids, whereas ionized 
carboxylates are expected to have 
identical C–O bond lengths (about 
1.25 Å) due to resonance.  High resolution X-ray studies of endothiapepsin, using 
unrestrained refinement of the X-ray data to 0.9 Å, have shown that it is almost 
impossible to distinguish between COOH or COO- in either of the two aspartate groups at 
the catalytic center since all four C–O bond lengths refined to almost identical values (P. 
Erskine, unpublished observations) (Tsyba & Bau, 2002).  
 

On the other hand, in a neutron diffraction study of endothiapepsin in complex 
with an inhibitor at a resolution of 2.1 Å, convincing evidence that Asp 215 is protonated 
while Asp 32 is negatively charged in a transition state complex was provided from 
Quasi-Laue neutron data collected on the LADI instrument at the ILL (Coates et al., 
2001).  A neutron density map showing the protonation states of Asp 32 and Asp 215 is 
shown in Figure 2.2-1, and the results confirm the earlier proposed catalytic mechanism 
by Veerapandian et al. (Veerapandian et al., 1992).   The structure determination of 
endothiapepsin represents the largest protein structure (330 residues) studied and 
published to date by neutron crystallography at moderately high resolution (2.1 Å). 
 

 

 
 
Figure 2.2-1. Neutron density at the active site 
of endothiapepsin showing Asp 32 to be 
deprotonated while Asp 215 is clearly 
protonated, Coates et al. (2001).  Hydrogen 
atoms are shown in light blue. 
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2.2.3 Xylose Isomerase  
 
 The enzyme xylose 
isomerase represents an-
other example of an en-
zyme where ultra-high 
resolution X-ray data are 
available, yet the protona-
tion states of the amino 
acids at the active site are 
uncertain.  D-xylose isom-
erase (XI) catalyzes the 
conversion of D-xylose to 
D-xylulose and D-glucose 
to D-fructose by transfer-
ring a hydrogen atom from 
one carbon atom to an 
adjacent carbon atom in a 
sugar molecule.  XI has 
significant commercial 
impact in the production of 
high-fructose corn syrup, 
but, more importantly, it serves as 
a model for biochemical structure 
and function studies of metallo-
enzymes.   

 
Three possible mecha-

nisms have been proposed for the 
transfer of the hydrogen atom 
within the sugar substrate (Figure 
2.2-2).  However, despite years of 
intense scrutiny using atomic-
resolution X-ray diffraction, a 
conclusive determination of the 
mechanism that initiates hydrogen 
transfer in this enzyme is still 
needed.  The mode of action of 
this enzyme currently appears to 
involve an attack on the substrate 
by a hydrogen ion from a water 
molecule bound to one of two 
active site metal cations.  The XI 
enzyme binds two divalent metal 
ions (M1 and M2) 4.9 Å apart, and 

 
Figure 2.2-3. Overall structure of D-xylose 
isomerase at 0.86 Å resolution with ellipsoids 
showing anisotropic B-factors on one monomer 
(Ringe and Petsko, unpublished data). 

 
Figure 2.2-2.  Three possible mechanisms of D-Xylose 
isomerase. 
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the water molecule is bound to M2.  A histidine group acts as a base that assists in 
opening the sugar ring system in the initial stages of the mechanism.  The proposed 
mechanisms involve a cis ene-diol intermediate (Rose et al., 1969), a hydride-shift 
mechanism (Farber et al., 1989; Collyer et al., 1990),  or a hydride shift mediated by the 
metal ions (Whitlow et al., 1991).  The mechanism with a cis ene-diol intermediate is 
analogous to that in other enzymes catalyzing the same reaction but lacking metal ions.  
The hydride-shift mechanism involves a transfer of the hydrogen atom without any 
intervention from neighboring side chains in the active site.  The metal ion-assisted 
hydride-shift mechanism includes some movement of the M2 metal ion.  A second site 
for this metal ion has been observed in some crystal-structure determinations (Lavie et 
al., 1994).  The binding of substrates and inhibitors to XI has also been studied by X-ray 
crystallographic techniques (Carrell et al., 1989).  Several different binding modes were 
identified.  However, despite the wealth of X-ray diffraction studies, and the recent ultra-
high resolution 0.86 Å X-ray structure determined by G. Petsko and D. Ringe 
(unpublished data, Figure 2.2-3), the catalytic mechanism of hydrogen atom transfer has 
not been established. 
 
 During the 2002 LANSCE run cycle, neutron diffraction data were collected at 
the PCS from a crystal 
of XI, see Figure 2.2-4 
and (Hanson et al., 
2004).  The protein 
molecular weight is 43 
kDa, and the unit cell 
dimensions of the crys-
tals in space group I222 
are 94 x 100 x 104 Å3.  
The neutron density map 
has been calculated 
using data between 5 and 
2.5 Å resolution, and the 
structure is currently 
being refined.    

2.2.4 Enzymes in Development for Neutron Diffraction Studies  
 
 A few of the enzymes of scientific interest to the MaNDi IDT members, and 
currently under development for neutron diffraction studies, are listed in Table 2.2-1.  
These enzymes are the subject of controversy because their mechanisms involve either 
proton or hydride transfers, and the amino acid residues responsible for acid and base 
catalysis have not been identified.  All but one of the enzymes listed in Table 2.2-1 have 
at least one unit cell edge dimension greater than 90 Å, and most have an edge length 
between 100 Å to 150 Å. 
 
 Crystals of most, if not all, of the enzyme systems listed in Table 2.2-1 can be 
grown with volumes greater than of 0.8 mm3, and all of these enzyme systems produce 

 
Figure 2.2-4. A quasi-Laue image showing Bragg reflections 
from D-xylose isomerase at the PCS. The image is a composite 
of several time channels.  The diffraction is binned into 96 time 
channels covering the wavelength range from 1 to 5 Å. 
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crystals that diffract beyond 2.0 Å.  Two examples of enzyme systems currently under 
development for neutron diffraction are described below, as well as in other sections of 
this proposal.  We have included these examples to illustrate the ambiguities in 
establishing the detailed mechanisms of these enzymes despite the wealth of structural, 
biochemical and kinetic data available for each enzyme. 
 
Table 2.2-1. Examples of Proteins Proposed for Neutron Diffraction Studies by 
Some IDT Members Using MaNDi 
 

Protein  
Molecular Weight, Da 

IDT 
Members 

X-Ray 
Resol. 
(Å) 

Space 
Group 

 
a (Å) 

 
b (Å) 

 
c (Å) 

 
β Reference 

Isocitrate 
Dehydrogenase 
45,756 

Mesecar 
  1.4 to 1.9 P43212 103.9 103.9 150  

(Mesecar et al., 
1997; Mesecar 
& Koshland, 
2000b; 
Mesecar & 
Koshland, 
2000a) and 
unpublished 

Trihydroxytoluene 
Dioxygenase 
69,490 
 (2 x 34,745 Da in 
asymmetric unit) 

Mesecar 
 1.2 to 1.5 C2 130 80 76 111 o unpublished 

Phosphotriesterase 
34,730 
 
 

Mesecar 
 1.7-1.9 P3121 61 61 207  unpublished 

Enolase 
93,632 
(2 x 46,816 in 
asymmetric unit) 

Mesecar 
 1.8 C2 121.9 73.2 93.9 93.3 (Larsen et al., 

1996) 

D-Xylose Isomerase 
43,227 

Bunick, 
Hanson, 
Petsko & 
Ringe 

0.86  I2 2 2 94 100 104  unpublished 

Aminopeptidase 
32,217 

Petsko & 
Ringe 1.20 P6122 108.4 108.4 93.5  (Desmarais et 

al., 2002) 
Aldose-1-epimerase 
 

Petsko & 
Ringe 1.40 P212121 128 132 101  unpublished 

Alcohol Dehydrogenase 
79,430 
(2 x 39,715 in 
asymmetric unit) 

Ramaswamy 
& Plapp 1.13 P1 44.3 51.4 92.7 

103o 
α=88.8 o 
γ=111.6 o 

(Rubach & 
Plapp, 2003b; 
Rubach & 
Plapp, 2003a) 

ΤΕΜ−1 β-Lactamase 
28,862 Shoichet 0.85 P212121 41.3 61.6 89.2  (Minasov et al., 

2002) 
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2.2.5 Isocitrate Dehydrogenase  
 

Isocitrate dehydro-
genase (IDH) catalyzes an 
essential, energy-producing 
reaction in the TCA cycle of 
many organisms whereby 
NADPH and 2-ketoglutarate 
are produced from isocitrate 
and NADP.  In Mycobacter-
ium tuberculosis, regulation 
of the concentration of 
isocitrate is important for 
survival of the pathogen 
during its persistent state.   

 
The proposed reac-

tion cycle for isocitrate de-
hydrogenase is shown in 
Figure 2.2-5.  The reaction 
cycle is completed in ap-
proximately five steps (I- V) 
and involves the transfer of a 
number of putative, solvent 
derived protons (blue hydro-
gens) via a proton shuttle 
relay.  From deuterium sol-
vent kinetic isotope effects 
(DVmax ~4), we predict that at least two protons are in flight during the transition state.  
From a series of high-resolution X-ray crystallographic studies (Mesecar et al., 1997; 
Mesecar & Koshland, 2000b; Mesecar & Koshland, 2000a), we have determined that a 
solvent molecule is involved in a relay mechanism with Lysine 230 and Aspartate 283.  
However, we have yet to establish the hydrogen positions of isocitrate, the active site 
amino acid residues or the water molecule involved in catalysis.   

 
Our current hypothesis is that in the first part of the reaction cycle (I-II) Lysine 

230 is atypically deprotonated at neutral pH so that it acts as a base and accepts protons 
from the hydroxyl group of the substrate via the water molecule.  Once Lysine 230 is 
protonated, it may serve as an acid to transfer a proton to the enolate intermediate (IV) 
that forms immediately after decarboxylation (II-III).  A second possibility is that the 
enolate (IV) could be protonated by the mobile amino acid residue Tyrosine 160.  We 
wish to determine the neutron structures of the substrate and product bound states (I and 
V) in addition to the enolate bound state (III).  We have synthesized a potent enolate 
analog that binds tightly to the enzyme form of IDH illustrated in (III) (Pirrung et al., 
1996), and we have determined the 1.7 Å structure of this intermediate (A. Mesecar, 

Figure 2.2-5. 
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Figure 2.2-6.  Putative Catalytic 
Cycle for THTDO. 

unpublished data).  Despite the fact that we are able to routinely determine 1.4 Å to 2.1 Å 
X-ray structures of IDH in a variety of complexes, we are still uncertain as to the 
positions of the hydrogen atoms.  Since the reaction scheme of this enzyme potentially 
involves an atypical shuttle mechanism with an abnormally deprotonated lysine residue, 
we deem it necessary and important to pursue neutron diffraction studies to correctly 
establish or refute such a mechanism. 
 
 Isocitrate dehydrogenase crystals can be routinely grown between 0.8 mm - 1.2 
mm in the longest dimension with square bipyramidal geometry (0.5 mm to 0.7 mm in 
the other dimensions).  The crystals grow in the high symmetry tetragonal space group 
P43212 with dimensions a = b = 103 Å and c = 150 Å and one molecule in the 
asymmetric unit.  The crystals are catalytically active, and they can withstand prolonged 
exposure to monochromatic and polychromatic synchrotron X-rays (Bolduc et al., 1995; 
Stoddard et al., 1996; Stoddard, 1998; Stoddard et al., 1998). 

2.2.6 Trihydroxytoluene Dioxygenase (THTDO) 
 
 One of the most cru-
cial reactions in the biodegra-
dation of aromatic hydrocar-
bons involves the cleavage of 
aromatic carbon-carbon 
bonds.  Aromatic ring-cleav-
ing reactions are catalyzed by 
a class of enzymes known as 
non-heme metal(II) dioxy-
genases.  These enzymes fa-
vor aromatic compounds that 
contain two vicinal hydroxyl 
groups (catechols) as sub-
strates.  Extradiol dioxy-
genases catalyze ring fission 
at bonds adjacent to one of 
the two hydroxyl groups.  We 
are in the process of investigating the kinetic, chemical, and structural aspects of 
THTDO.  To elucidate the mechanistic details of this proximal extradiol ring-cleaving 
enzyme, we have determined the high-resolution X-ray crystal structures of native 
THTDO to 1.4 Å and the enzyme complexed with 4-nitrocatechol (4NC), a potent 
inhibitor of THTDO, to 1.2 Å.  The most notable difference between the two active sites 
is a lengthening of the Fe-O (water, trans to Glutamate271) bond from 2.08(2) Å in the 
native structure to 2.58(2) Å in the 4NC structure; this is the putative site for dioxygen 
binding.  Examination of the active sites in these high-resolution structures suggests a 
modification of the currently accepted mechanism for extradiol enzymes.  While it is 
generally proposed that the involvement of a single base (Histidine206) is necessary for 
catalysis, we propose that this Histidine206 acts instead as an acid, and that the base is 
more probably assigned as Tyrosine261 that is activated via a proton shuttle with 
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Histidine252 (See Figure 2.2-6).  The protons involved in acid and base catalysis and the 
associated proton relays are shown in blue. 
 
 Both structures crystallize in space group C2 with moderate unit cell parameters 
(a = 129 Å, b = 80 Å, c = 75 Å).  The active site is composed of a mononuclear iron atom 
coordinated to His154, His220, and Glu271.  The octahedral coordination around the iron 
atom is completed by water, catechol, acetate, or other oxo-ligands.  It is crucial to 
determine the protonation state of the active site residues and ligands.  We have generally 
been able to grow only moderately large crystals (400-900 microns), but they diffract 
well (beyond 1.2 Å) and are very stable.  Despite such high-resolution X-ray structures, 
we are uncertain as to the protonation states of the amino acid residues in the active site 
of this important class of enzymes.   
 
2.2.7 Summary 
 

 Neutron diffraction data on enzymes are critical for correctly assigning the 
atomic charges and pKa values of amino acids, and for reliably establishing those amino 
acids that are acting as acids and/or bases in the mechanism.  Moreover, neutron 
structures are necessary for identifying important water molecules and their 
hydrogen/deuterium atom positions and bonding patterns in active sites.  Such data are 
crucial for our understanding as to whether water molecules are acting either directly as 
catalytic acids and bases, or rather are indirectly involved in acid-base catalysis via 
proton shuttle mechanisms. In addition, knowledge of the orientation of polar groups, 
e.g., hydroxyls and amides, will enable researchers to identify detailed hydrogen bonding 
patterns between amino acid residues and water molecules in the interiors of the proteins 
as well as in the solvation shells surrounding the surface of the proteins.  Accurate 
positions of hydrogen atoms will also help to determine the conformations of methyl 
groups and side chains and will provide details on amino acid packing arrangements.  
Accurate hydrogen atom positions derived from neutron diffraction data will provide 
important molecular details that will have significant impact on structure-based drug 
design, computational chemistry, protein dynamics, and on enzyme engineering studies.   
These research areas are on the forefront of biomedical research in the new millennium, 
and continued research in these areas utilizing neutron diffraction should positively 
impact public health. 
 

2.3 Impact of Neutron Diffraction in Protein Dynamics Studies: 
Hydrogen/Deuterium Exchange 

 
 Because of their fundamental importance to the understanding of a broad range of 
biological processes, the dynamic properties of proteins have been the subject of intense 
investigation using a variety of methods.  However, as more information is accumulated 
it is apparent that many of the most important issues remain concerning how the extent 
and nature of a protein’s dynamical motions affect its function and folding. 
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 Clarification of the details of the nature of protein fluctuations requires an 
experimental technique that can identify those segments of the polypeptide chain 
involved in transient motions.  Since its introduction by Linderstrom-Lang and his 
colleagues in the 1950s, the hydrogen-deuterium exchange (H/D) method has been 
recognized to be a powerful probe for protein conformational change (Hvidt & 
Liderstromlang, 1954; Hvidt & Nielsen, 1966; Englander et al., 1972; Englander et al., 
1980).  This is because the H to D exchange rates of interior sites are found to differ by 
several orders of magnitude in an intact protein, providing a sensitive measure of the 
extent of shielding from the solvent provided at a given moment by the protein’s 
secondary and tertiary structures (Hvidt & Nielsen, 1966; Englander et al., 1972). 
 
 H/D exchange has advantages over other labeling techniques in that a deuteron 
has a negligible space requirement and has nearly equivalent chemical properties to the 
proton it replaces in the structure.  Furthermore, potentially labile sites are distributed 
fairly uniformly throughout the molecule and therefore probe the structural variability of 
the whole molecule.  Currently there are only two methods that can provide H/D data at 
high enough resolution to describe the exchange properties at the individual residue level, 
which is a requirement for a detailed dynamical analysis.  One method is NMR, and it has 
considerable applicability for smaller proteins (generally <15-20 kDa).  A more definitive 
approach for larger proteins is offered by neutron diffraction, which determines the 
location of each exchange site of the protein and permits the unambiguous 
characterization of its H/D exchange status by direct examination of the neutron 
scattering density map (Kossiakoff, 1982; Kossiakoff, 1983; Kossiakoff, 1995; 
Kachalova et al., 1999).  As can be seen in Figure 2.3-1, the task of assigning a site as 
having either H or D character is straightforward because the amplitude of H and D are of 
opposite signs.  The practicality of using neutron diffraction for H/D analysis was first 
shown by Schoenborn and his colleagues (Schoenborn, 1975) and subsequently was 
verified by other investigators (Kossiakoff, 1983). 
  
 Although the number of H/D analyses by neutron diffraction is limited, a 
tremendous amount of unique structure-function information has been obtained 
(Schoenborn, 1972; Kossiakoff & Spencer, 1980; Kossiakoff & Spencer, 1981; 
Kossiakoff, 1983; Wlodawer & Sjölin, 1983; Phillips, 1984; Kossiakoff, 1988).  
Generally, it has been observed that surface accessible peptide groups exchange more 
rapidly than their buried counterparts.  However, it has been shown that surface 
accessible peptide groups that are involved in β-sheet secondary structure motifs can be 
highly resistant to exchange, indicating that this type of hydrogen bonding organization is 
very stable (Kossiakoff, 1982).  Figure 2.3-2 shows the overall H/D exchange pattern of 
the different secondary structure types in the proteolytic enzyme, trypsin.  Interestingly, it 
was determined from the neutron analysis of subtilisin that the exchange patterns of β-
sheets are found to be quite different between parallel and anti-parallel sheet motifs 
(Kossiakoff et al., 1991).  This suggests that the inherent breathing motions of these 
structural units are characteristically different, which had not been recognized until these 
studies.  Additionally, neutron H/D data show that α-helix structures are much more 
prone to exchanging than β-sheets (both parallel and anti-parallel), indicating that they 
are inherently more flexible than either (Kossiakoff, 1982; Kossiakoff et al., 1993). 
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 The use of a crystallographic technique to study protein dynamics might appear at 
first glance to be inappropriate, because diffraction, by its very nature, constitutes a time-
averaged sampling of the low-energy conformation of the molecule.  Furthermore, there 
still exists some uneasiness about the degree to which the structures of crystallized 
proteins accurately represent protein structures in solution.  H/D exchange data derived 
from neutron structures provide important insights into both these issues.  Although H/D 
data provided by neutron diffraction are also time-averaged, the dynamic range of the 
technique still allows for the capture of a broad range of exchange rates in the diffraction 
experiment.  While the shortest time ranges are inaccessible to the method (as is also true 
for NMR), the more important highly protected groups are easily distinguished.  These 
highly protected groups provide the core for detailed analyses of properties that affect 
protein stability and breathing (Kossiakoff, 1982; Kossiakoff, 1983; Kossiakoff et al., 
1993).  It is noteworthy that while the more buried peptide groups are generally most 
protected from exchange, there are a number that are deeply buried in the core of a 
protein and yet fully exchange (Kossiakoff, 1982).  Likewise, buried exchangeable side 
chain groups like serine and tyrosine hydroxyl groups also are observed to exchange.  
These groups are seen to be totally inaccessible to solvent in the time-averaged structure, 
so that the fact that they exchange means that the crystallized protein molecule had to 
have undergone some rather large conformational fluctuations in the crystal lattice to 
facilitate the exchange of these groups.  An extremely important conclusion from these 
findings is that even in a crystal lattice, protein molecules can undergo large 
conformational changes, a fact that clearly reduces the concerns that crystallized proteins 
are not good models for proteins in solution. 
  
 Although classical neutron Fourier maps have extremely high informational 
content about exchangeable groups and water structure, these analyses can be taken to an 
even higher level by employing D2O-H2O difference maps (Kossiakoff et al., 1992).  In 
practice, such maps are obtained by comparing the changes in diffracted intensities 
between two sets of data, one obtained from a crystal having H2O as the major solvent 
constituent and a second where D2O is the solvent medium.  To a good approximation, 
the protein non-hydrogen atom contributions to the scattering intensities in both data sets 
are equal and cancel, but since H2O and D2O have very different scattering properties, 
their differences are accentuated to reveal an accurate and nearly unbiased representation 
of the solvent structure and the status of exchangeable groups (Figure 2.3-3).  An 
additional advantage is that the features of a solvent difference map of this type are not as 
affected by errors in the phasing model as conventional difference maps (Shpungin & 
Kossiakoff, 1985; Kossiakoff et al., 1992). 
  
 While these solvent maps have major advantages, the principal disadvantage is 
that they require an accurate high resolution H2O data set.  Due to problems associated 
with the incoherent scattering effects of H, such data sets are extremely difficult to 
obtain.  This problem can be overcome with a higher flux neutron source such as SNS 
where it will be possible to acquire sufficient signal-to-noise improvements.  This 
possibility has a transforming potential for obtaining a level of detailed information about 
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ordered water structure that is unavailable from other techniques even including ultra-
high resolution X-ray structures. 
 
 H/D difference methods can also be used to obtain specific information at 
particular sites of covalently bound hydrogen if the sites in question can be deuterium 
labeled. Ligands bound to proteins provide a good example because the specific 
deuterium labeling is relatively straightforward. Difference analysis with data from 
labeled and unlabeled samples provides both positions and B-values of the deuterium 
labels, even if this part of the structure is disordered. The B-values, which provide a 
measure of the disorder, thermal or otherwise, can be obtained to better than 10% 
precision. This type of H/D analysis has been extensively applied to lipid bilayer 
structures (Worcester et al., 1996). Diffraction studies for drug design could benefit 
greatly from such covalent H/D difference analysis. 
 
 

 
Figure 2.3-1.  Fourier map showing the H/D exchange properties of a protein (amide 
peptide hydrogens (H) shown in dark contours, peptide deuteriums representing 
exchanged groups are designated as D).  Peptide amide hydrogens in the secondary 
structure between C4 and N46 are protected from exchange.  Conversely, peptide amide 
hydrogens of residues A38-T39 are fully exchanged. The crystal was soaked in D2O for 
several months before data collection; thus those groups that remain unexchanged are 
highly protected. 
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Figure 2.3-2.  Schematic representation of exchange patterns in trypsin.  Exchanged 
groups (D) are represented by open circles, unexchanged groups (H) by filled circles, and 
partially exchanged groups by half-filled circles. 

 
Figure 2.3-3.  Sections of a neutron D2O-H2O difference map taken in the plane of the 
peptide group.  On the left is a fully exchanged site, on the right is an unexchanged site.  
Note that all other density is zero.  This is a characteristic of this type of map. 
 

2.4 Impact of Neutron Diffraction in Membrane Protein Structural Studies 
 
 About 30% of all proteins are embedded into biological membranes.  Membrane 
proteins are the major players in important cell processes including cell import and 
export, recognition, signaling, nerve function, respiration, and photosynthesis.  
Membrane proteins are therefore key targets for research on human health and drug 
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development. However, whereas more than 21,000 structures of soluble proteins are 
known, less than 40 different types of membrane protein structures have been determined 
to date.  
  
 The main impediment to the structure determination of membrane proteins is the 
challenge in growing crystals that can diffract to higher resolution.  The membrane 
proteins are amphiphilic protein complexes.  The membrane intrinsic central part of the 
protein complex is highly hydrophobic, whereas the loops connecting the hydrophobic 
α−helices or β-sheets on both sites of the membrane are hydrophilic and are exposed to 
the aqueous environment.  Detergents must be used to extract membrane proteins in 
functional intact form from the membrane.  The protein is solubilized in the form of a 
protein-detergent complex, where the hydrophobic membrane intrinsic part of the protein 
complex is surrounded by the detergent micelle like a swimming ring (see Fig. 2.4-1). 
 
 Many of the membrane proteins that have been crystallized to date are not single 
proteins but rather are large membrane protein complexes that contain several protein 
subunits and in some cases more than 100 cofactors.  These large membrane protein 
complexes contain subunits that are membrane intrinsic as well as membrane extrinsic 
protein subunits that are responsible for 
the interaction with soluble proteins that 
dock to specific binding sites.  The 
crystals of these large membrane 
proteins typically have very large unit 
cells with repeats of 100-300 Å. 
  
 Neutron diffraction experiments 
on membrane proteins can be used to 
further the following important specific 
aims: 
 
1)  To unravel the structure of the 
solvent and the detergent by means of 
low resolution neutron diffraction 
experiments. 
 
2) To elucidate the structure of water 
channels, which are important for the 
catalytic mechanism of many membrane 
proteins. 
 
3) To unravel the catalytic mechanism of reactions involving water, as for example, the 
mechanism of water splitting and oxygen evolution in Photosystem II, by means of high-
resolution neutron diffraction on membrane protein crystals. 
 

 
 
Figure 2.4-1. Schematic representation of 
the solubilization of a membrane protein in 
a detergent solution. 
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 The crystallization of membrane proteins is complicated, because they must be 
crystallized as detergent-protein complexes.  The phase behavior of the detergent-protein 
solution is very complex, and there is currently a lack of knowledge about the nucleation 
and crystal growth processes.  A description of the structure of the detergent within single 
crystals of membrane proteins will be essential for developing an understanding of the 
nucleation and crystallization mechanisms involved.  Two models for the arrangement of 
detergent in membrane protein crystals can be found in text books:  type I crystals, where 
the detergent should form a membrane-like structural arrangement similar to lamellar 
phases of detergent, and type II crystals where the detergent micelles are building blocks 
of the unit cell. 
  
 Low-resolution neutron diffraction experiments provide the best way to determine 
solvent and detergent structures within protein crystals (Roth et al., 1991; Kossiakoff et 
al., 1992; Pebay-Peyroula et al., 1995; Badger, 1996).  As a recent example, Snijder and 
coworkers determined the detergent organization in crystals of monomeric outer 
membrane phospholipase A (Snijder et al., 2002).  Also the detergent structure in crystals 
of the bacterial light-harvesting complex has been recently determined by Prince and 
coworkers (Prince et al., 2003).  These structures show a type II organization of the 
detergent, where the detergent micelles are the building blocks of the crystal and 
detergent-detergent interaction is important for crystal contact formation. 
   
 To address the question of the detergent structure within membrane-protein 
crystals in general, neutron diffraction experiments on a larger set of crystals of different 
membrane proteins with the MaNDi instrument will be vital.  The aim of these neutron 
diffraction experiments should be to determine the detergent structure in a large number 
of different membrane protein crystals, with different crystal packing arrangements. 
Important questions to answer will include: 
 

• How does the detergent participate in crystal formation? 
• Can a lamellar detergent phase, mimicking the membrane, exist in the crystals?  
• How is the solvent water arranged in the crystals? 

 
With increasing knowledge on these important points, the process of crystal formation of 
membrane proteins will be unraveled, opening up the possibility of developing a rational 
design for the crystallization of membrane proteins. 
 
 Water and solvent channels play an important role in the function of membrane 
proteins.  One of the most important examples is aquaporin, the protein that transports 
water across the membrane at a rate of 100,000 water molecules per second.  The Nobel 
Prize in Chemistry for 2003 was awarded to Peter Agre for elucidating the structure and 
mechanism of this important channel protein, which is also of high medical relevance 
(Mitsuoka et al., 1999; Agre et al., 2002; Agre & Kozono, 2003).  Based on the structure, 
Agre proposed a mechanism for water conductance through the channel and the exclusion 
of protons from being translocated.  The mechanism was further supported by the crystal 
structure of the enzyme at 2.2 Å resolution (Sui et al., 2001), but the orientation of the 
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water molecules could not be experimentally determined at this resolution by XMC (X-
ray macromolecular crystallography).  In X-ray structure analysis, the hydrogen atoms 
become visible only at resolution below 1 Å, whereas NMC (neutron macromolecular 
crystallography) at 2.2 Å should suffice to obtain the position of the hydrogen or 
deuterium atoms.  Thus, NMC on membrane protein crystals like the aquaporin crystals 
may unravel the structure of the water channel at atomic detail and thereby make 
important contributions to confirm and extend the proposed mechanism of water 
translocation. 
 
 Aquaporin is not the only membrane protein complex where water plays an 
important role in the transport mechanism.  Other known structures where NMC at 
MaNDi would promise to unravel important pathways in membrane proteins include 
 

• Bacteriorhodopsin is a light driven proton pump, for which water plays a key 
role in the catalytic mechanism.  Several structures of this enzyme, determined by 
XMC, agree on the main features of the protein fold, chromophore position, and 
amino acids.  However, major points of discussion still remain on the positions of 
the water molecules, which are essential for the catalytic mechanism (Neutze et 
al., 2002; Lanyi & Schobert, 2003; Schobert et al., 2003; Shibata et al., 2003). 
 
• Three different water channels are postulated in the cytochrome oxidase 
complex (Olkhova et al., 2004).  Cytochrome oxidase is one of the key enzymes 
of the respiratory chain, catalyzing the reduction of oxygen to water.  The water 
channels are thought to play a major role in the pumping of protons across the 
membrane. 
 
• Photosystem II, the enzyme that produced all oxygen in Earth’s atmosphere, is a 
further example where a water channel may be present in the enzyme to allow 
entry of substrate water to the catalytic site of water oxidation.  Based upon the 
available medium resolution X-ray structures, so far it has not been possible to 
unravel the positions of the water molecules.   Unraveling the details of the water 
channels in Photosystem II will be a major challenge for NMC at MaNDi. 

 
 The location of hydrogen atoms in the catalytic centers of proteins is one of the 
most important goals of NMC.  As pointed out above, water and hydrogen atoms/protons 
play an important role in the function of membrane proteins.  In some cases the water 
molecules are merely being transported, or they may function as a water chain of H-
bonds for proton conductance.  However, important catalytic reactions even involve 
water as a substrate or product.  
 
 Cytochrome oxidase catalyzes the electron transfer from cytochrome c to oxygen, 
thereby reducing 2 atoms of oxygen and 4 protons to form 2 molecules of water. 
Chemically, the reaction is the inverse reaction of that for PS II, but there exists no 
structural or functional homology between the cytochrome oxidase (which catalyses the 
exergonic reaction) and Photosystem II (performing the light driven endergonic reaction 
of water splitting).  The reduction of oxygen by cytochrome oxidase represents the final 
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step in the reactions of the respiratory chain.  Although the X-ray structure of the enzyme 
has been determined (Iwata et al., 1995; Tsukihara et al., 1996; Ostermeier et al., 1997; 
Tsukihara et al., 2003) recently to 1.7 Å resolution (Tsukihara et al., 2003), the 
mechanism of the reaction is still debated.  With high-resolution NMC, the protonation 
state of individual amino acids and cofactors could be unraveled, and this may solve 
several questions concerning the catalytic mechanism of the enzyme.  
 
 A much more challenging example in which important catalytic reactions are 
catalyzed by a large membrane protein complex, is Photosystem II.  As mentioned above, 
Photosystem II is the enzyme that produces all oxygen in Earth’s atmosphere.  It 
catalyses the light driven transmembrane electron transfer from water to plastoquinone.  
Four electrons are subsequently extracted from the oxygen evolving complex and two 
oxygen atoms and four protons are released in the highly endergonic reaction of water 
splitting.  The first step in unraveling the secrets of water splitting was the successful 

crystallization of Photosystem II (Zouni et al., 2000; Zouni et al., 2001) in an active 
oxygen evolving form.  The structure of PS II at 3.8 Å resolution provided the first 
evidence for the location of the Mn cluster.  This structure of PS II, and two further 
structures at slightly higher resolutions of 3.7 and 3.5 Å, allowed a first glimpse on the 
structure of the Mn cluster (Kamiya & Shen, 2003; Vasil'ev et al., 2003; Ferreira et al., 
2004), see Fig. 2.4-2.  However, neither the water molecules nor the protonation state of 
the amino acids have been determined so far, and for this reason none of these X-ray 
structures is sufficient to explain the mechanism of water splitting. 
  
 Whereas the X-ray structure must be improved to a resolution better than 3 Å to 
identify the oxygen atoms and better than 1 Å to identify the orientation of the water 
molecules, NMC would allow the identification of water molecules, including the 
hydrogen atoms, if the resolution limit could be extended to 2.5 Å resolution. 
 
 Another very exciting experiment would be the determination of the water 
structure in PS II in the different oxidation states of the Mn cluster.  The crystals can be 
frozen and the water-oxidizing complex can be trapped in the different S-states (oxidation 
states) of the reaction.  With XMC the investigation of the different S-states will be 

Figure 2.4-2.  
Structure of 
Photosystem II at 3.5 
Å resolution (taken 
from Ferreira et al. 
2004) 
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difficult, because the strong interaction of the X-ray beam with the protein complex may 
change the oxidation state of the cluster.  However, thermal neutrons will not perturb the 
protein crystal, and therefore the oxidation states of PS II would not be expected to 
change during collection of neutron diffraction data.  By designing the MaNDi instrument 
to include the possibility for high resolution data collection on membrane proteins with 
large unit cells, it may become possible to visualize the water molecules bound to the 
cluster at atomic detail.   
 
 NMC may also determine the mechanism and pathway of the protons that are 
released during the catalytic cycle.  A hypothesis exists that the redox active tyrosine may 
not only extract electrons but also hydrogen atoms from the Mn cluster.  The unraveling 
of the mechanisms of water splitting by PS II would be an ultimate goal for neutron 
diffraction experiments.  The essential point would be not only to obtain a static high 
resolution picture of the complex, but also to examine different oxidation states of the 
cluster, so that the whole catalytic cycle could then be visualized at atomic detail.  
   



 36

2.5 Impact of Neutron Diffraction in RNA and DNA Structural Studies 
 

Nucleic acid conformation is dependent on sequence, relative humidity, and ionic 
strength.  While sequence dependence and DNA water structure were at the center of 
many physical-chemical investigations over the past 25 years, comparatively little is 
known about the details of how metal cations, in particular alkali and alkaline earth metal 
ions, affect DNA conformation and packing.  Improved techniques for analyzing DNA 
structure and environment in crystals and solution should help shed light on DNA-ion 
interactions in the coming years.  Thus, crystal structures of DNA duplexes at high 
resolutions (< 1.2Å) have now emerged [reviewed in (Egli, 2002)], some revealing 
unprecedented details of the ionic environment of DNA.  For example, atomic-resolution 
crystal structures of the Dickerson-Drew dodecamer (DDD) revealed the locations of five 
Mg2+ ions (Minasov et al., 1999) and binding of an alkali metal ion to the ApT step in the 
minor groove (Figure 2.5-1A) (Tereshko et al., 1999). 

 
To study the possible effects of metal ions on DNA conformation, sequences can 

be divided into three principal groups: A-tracts, G-tracts, and generic DNA, where the 
latter represents the vast majority of 
DNA sequences (Hud & Plavec, 
2003).  A-tracts have an unusually 
narrow minor groove (Figure 2.5-
1B, left), are straight, and have high 
base-pair propeller twist.  G-tracts 
have a propensity to undergo the B-
form → A-form transition at in-
creased ionic strength.  The propo-
nents of the ‘ions are dominant’ 
model believe that the DNA grooves 
are flexible ionophores and that 
DNA duplex structure is modulated 
by a tug of war between the two 
grooves for cation localization.  
They argue that the duplex geometry 
adopted by A-tracts (referred to as 
B*-DNA; Figure 2.5-1B, right) is 
due to ion localization in the minor 
groove as a result of the highly 
negative electrostatic potentials 
there.  Conversely, G-tract DNA 
exhibits a highly negative electro-
static potential in the major groove, 
leading to preferred localization of 
cations there and consequently to a 
collapse of the DNA around the 
ions.  Generic DNA, on the other 

 
Figure 2.5-1. Metal ion binding and minor groove topology. 
(A) Coordination of an alkali metal cation at the central ApT 
step the DDD (Tereshko et al., 1999).  (B) Narrowing of the 
minor groove in A-tract DNA (B*-DNA) and concomitant 
negative electrostatic polarization compared to generic B-DNA 
(Hud & Plavec, 2003).  
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Figure 2.5-2. 'Stacking' interaction between water 
molecule W71 and the functionally important 
unstacked residue C8 in the 1.25 Å crystal structure of 
the ribosomal frameshifting RNA pseudoknot from 
Beet Western Yellow Virus. The distance of 2.93Å is 
indicative of a lone pair-π (l.p.–π) interaction. The 
possibility of the water hydrogen atom interacting 
with the π–face is unlikely because this would put the 
hydrogen at around 2Å from the cytosine ring 
centroid, a region that is sterically inaccessible. 
Furthermore, W71 is hydrogen bonded to the 
phosphate group of A9 and to W68; most likely the 
two hydrogens of W71 are used as donors in these. 
The existence of a l.p.–π interaction is also consistent 
with earlier evidence that proved C8 to be protonated 
at N(3).  

hand, would have a more balanced occupation of its major and minor grooves by cations, 
consistent with a more or less canonical B-form geometry.  By contrast, those who 
emphasize the dominating role of sequence in the control of DNA conformation argue 
that it is the sequence that shapes the DNA in the first place and that the narrow minor 
groove of A-tract or B*-DNA is narrow even before ions settle in the groove. 

  
Neither experimental approaches using X-ray crystallography or solution NMR 

nor computational simulations have furnished a consistent picture regarding the 
individual contributions of sequence, negative backbone charges, and cations in the 
control of DNA topology and duplex groove widths.  Reliable detection of cations, 
particularly Na+, K+ and NH4

+, in experimental structures and correct parameterization of 
charges in simulations constitute current potential limitations (Tereshko et al., 2001; 
Stellwagen & Mohanty, 2004).  Although the ‘ions first’ hypothesis has a number of 
attractive features – i.e., it provides a link between sequence-specific cation localization 
and sequence-directed curvature of 
DNA – it cannot be overlooked that 
high-resolution crystal structures of oli-
godeoxynucleotides containing A-tracts 
(stretches of As or Ts uninterrupted by a 
TpA step) have shown no variation of 
groove width as a consequence of dif-
ferent types and concentrations of alkali 
metal ions present in the crystalliza-
tions.  Moreover, MD simulations of A-
tract DNA in the presence of different 
classes and varying localizations of 
metal cations have not provided a pic-
ture that is consistent with a crucial role 
of metal ions with regard to the struc-
ture of duplex DNA.  Thus, more stud-
ies need to be directed at the relative 
importance of sequence and cation co-
ordination in governing the structure of 
double helical DNA. 

  
In almost all X-ray crystal 

structures of nucleic acids, the cations 
that have been visualized along with 
DNA or RNA and water molecules 
account for neutralization of less than 
50% of the negatively charged 
phosphate groups.  NMC is expected to 
become a powerful tool for reliably 
discerning between light alkali metal ions and water molecules in crystal structures.  It is 
likely that neutron diffraction can also shed light on the whereabouts of ions with low 
occupancy and thus furnish a more complete picture of the ionic environment of nucleic 
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acids in crystals.  NMC will not only benefit crystallographic investigations of nucleic 
acids alone but will also be an important tool to analyze complexes between proteins and 
DNA and proteins and RNA.  Metal ions are an important component of such complexes 
and can induce or stabilize particular conformational features of DNA that affect its 
interaction with the protein.  One example is the binding of Mn2+ ions in the X-ray crystal 
structure of the nucleosome core particle at 1.9 Å resolution (Davey & Richmond, 2002).  
Here, manganese was used in place of magnesium to facilitate the detection of ions.  This 
would expect to be a particularly powerful probe in NMC since manganese (like H) has a 
negative scattering factor and thus Mn2+ can very easily be distinguished from Mg2+, Na+ 
or D2O in the inter-molecular spaces of a crystal.  In the nucleosome core, the specific lo-
cation and mode of metal ion binding is the consequence of unambiguous conformational 
differences between dinucleotide sites owing to their sequence context and orientation.  
Although monovalent cations may play a less significant role in stabilizing simple nucleic 
acid duplexes than divalent ones, more complex architectures such as those encountered 
in complex folding motifs of RNA may be associated with specific coordination of 
monovalent ions, and NMC constitutes a unique tool for directly visualizing these 
binding sites. 

 
One of the obvious advantages of neutron diffraction compared to X-ray 

diffraction data is that the protonation states of nucleobases and amino acid side chains 
can be firmly established with NMC.  X-ray crystal structures at atomic resolution can 
provide detailed information on the structure of the solvent surrounding macromolecules 
in the crystal.  However, even UHRXMC does not allow one to differentiate between the 
acceptor and the donor of a hydrogen bond between two water molecules.  Occasionally 
it is possible to guess the role of a water molecule in a specific hydrogen bond from the 
identity and potential role of nearest neighbors of that water in solvent networks, 
particularly if the water belongs to the first or second hydration shell around a nucleic 
acid or protein molecule.  Recently, an unusual type of a water-nucleobase 'stacking' 
interaction has been identified in the X-ray crystal structure of an RNA pseudoknot, 
where a water molecule sits directly above the six-membered ring of a cytosine base 
(Sarkhel et al., 2003) (Figure 2.5-2). One would have intuitively concluded that it is the 
hydrogen of water molecule 71 that is directed into the aromatic ring of cytosine 8.  
However, closer inspection of the distances reveals that it is impossible to wedge a 
hydrogen atom between the water molecule and the cytosine plane, leaving only the 
possibility of an interaction between the electron lone pair and the nucleobase.  NMC can 
firmly establish the existence of such interactions because this technique can distinguish 
between hydrogen and lone pairs.  
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2.6 Impact of Neutron Diffraction on Studies of Redox and Electron Transport  
 Systems in Biology 
 
 Redox enzymes and electron transfer (ET) proteins are critical for proper 
metabolism.  Redox enzymes are bifunctional in that they catalyze chemical reactions as 
well as participate in electron transfer.  Such enzymes are required for the oxidation 
(degradation) of substrates during metabolism and the production of reducing equivalents 
(electrons) for energy production.  The electrons that are extracted from substrates by 
redox enzymes are directed to specific sites to allow energy conservation via specific ET 
proteins.  These redox processes are fundamental to respiration, photosynthesis, and 
reactions of intermediary metabolism.  Redox proteins possess either metals or organic 
cofactors as redox centers.  Many of these proteins exhibit pH-dependent redox 
properties.  This is due to the protonation state of the organic cofactor or an amino acid 
residue that provides a ligand for the metal or a hydrogen bond to the cofactor.  It has 
also been shown that rates of long range protein ET reactions may be regulated by or 
coupled to proton transfer reactions and reorganization of water (Davidson, 2000; 
Davidson, 2002).  As such, precise knowledge of the positions of hydrogens and water 
molecules in the vicinity of the redox cofactor of a redox protein is critical to understand 
the roles of protonation state, H-bonds, and reorganization of water in controlling the 
reactivity of protein-bound redox centers.  The methylamine dehydrogenase (MADH)-
amicyanin-cytochrome c-551i complex has been established as a model for the study of 
redox properties of metal and organic cofactors and mechanisms of long range biological 
ET (Chen et al., 1994a; Davidson, 2000; Davidson, 2002). Two specific examples from 
this system are described to illustrate the potential value of neutron diffraction in 
furthering our understanding of these fundamental processes. 
 
 Roles of H-bonds in regulating 
redox properties of metalloproteins.  
Amicyanin is a type I copper protein, for 
which the X-ray crystal structure has been 
determined to better than 1 Å resolution 
[(Cunane et al., 1996) and unpublished].  
Amicyanin mediates ET from a soluble 
dehydrogenase, MADH, which is a c-type 
cytochrome.  The Em value of amicyanin 
varies with pH and exhibits a pKa value 
for the reduced form of 7.5.  The crystal 
structure of reduced amicyanin at pH 4.4 
reveals that His95, which serves as a Cu2+ 
ligand, has rotated 180° about the Cβ-Cγ 
bond relative to its position in oxidized 
amicyanin and is no longer in the copper 
coordination sphere (Zhu et al., 1998) 
(Fig. 2.6-1).  A similar phenomenon is 
observed with the plant copper protein 

Figure 2.6-1. His95 in reduced amicyanin at 
pH 4.4 reveals that it has rotated 180° about 
the Cβ-Cγ bond relative to its position in 
oxidized amicyanin and is no longer in the 
copper coordination sphere 
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plastocyanin.  Potentiometric analysis of amicyanin in complex with MADH indicates 
that its Em value is independent of pH between pH 6.5 and 8.5 and is similar to that of 
free amicyanin at high pH.  This is so, because the redox-linked pH-dependent rotation of 
His95 in the complex is hindered; otherwise it would cause an overlap with residues of 
MADH (Zhu et al., 1998). A P94F mutant of amicyanin has been prepared that increases 
the Em value of free amicyanin by nearly 200 mV and shifts the pKa value for its pH-
dependence (Machczynski et al., 2002; Sun & Davidson, 2003).  The crystal structure of 
the mutant (unpublished) suggests that the increase in Em value may be explained by the 
Phe94 backbone N atom moving to within 3.4 Å of the S atom of Cys92, which is a ligand 
for copper.  This suggests that H-bond interactions could significantly modulate the redox 
properties of the copper site.  Precise determination of H-bonding interactions in native 
and P94F amicyanins will allow us to determine their roles in determining the magnitude 
and pH-dependence of the redox potential and redox-linked conformational changes in 
this metalloprotein.  Similar studies would be applicable to metalloproteins in general. 
 
 The role of water in determining 
reorganization energies for protein ET reactions.  
Marcus Theory (Marcus & Sutin, 1985) predicts that 
ET rates will depend upon ∆Go, the electronic 
coupling between donor and acceptor (i.e., the 
donor-acceptor distance and the characteristics of the 
intervening medium) and the reorganization energy 
(λ).  λ is defined as the energy needed to deform the 
nuclear configuration from reactant to the product 
state.  How the protein environment surrounding the 
redox center will influence this parameter is poorly 
understood.  It is known that the reorganization of 
water molecules can contribute substantially to λ.  
The ET reaction from TTQ to copper in the MADH-
amicyanin complex exhibits a relatively large λ 
value of 2.3 eV (Brooks & Davidson, 1994).  We 
have recently characterized an αF55A mutant of 
MADH that exhibits a λ value of 1.8 eV for the same 
ET reaction (Sun et al., 2002).  This is a rare exam-
ple of significantly altering λ by site-directed 
mutagenesis, and it is important to understand the 
molecular basis for this change.  Two water molecules are present in the native MADH 
active site at a distance less than 5 Å from TTQ and shielded from the bulk solvent by 
αPhe55 (blue structure in Fig. 2.6-2).  Only one water in close proximity to TTQ is seen 
in the αF55A MADH active site (red structure for which electron density is shown).  
Additional waters are present in the αF55A MADH structure in the space created by the 
removal of the phenyl ring, but these reside further from TTQ and do not appear to 
participate in H-bonding interactions with TTQ or active-site residues.  If the 
reorganization of solvent contributes to the λ for ET from MADH, then the 
reorganization of the inner waters in close proximity to TTQ would be significant.  If 
TTQ is less solvated in αF55A MADH (Figure 2.6-2), then this would be expected to 

Figure 2.6-2.  The native 
MADH active site. 
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decrease λ.  More specific information about the orientations of these waters and their H-
bonding interactions in the oxidized and reduced states of MADH, and other redox 
proteins, will allow us to more precisely determine the contributions of solvent 
reorganization to λ and consequently the rates of biological ET reactions. 
 

2.7 Impact of Neutron Diffraction on Structure-Guided and Computer Drug 
Design 

  
The application of molecular mechanics calculations based on force-field potentials 

has become an important tool in describing a wide range of biophysical and biochemical 
properties of proteins and in particular to the application of rational drug design.  A 
primary strength of the approach is that it can provide a window on certain facets of 
protein structure and activity that are not easily accessible by direct experimentation.  
However, certain important parameters that define major energetic contributions to the 
total energy of protein systems are not well determined by direct experimentation, a 
situation that has made it difficult to judge the accuracy of the computational findings of 
the dynamics simulations. 
 

The force-field potential functions forming the basis for the calculations are in a 
continuing state of evolution, being improved when better correlations between theory 
and experiment are established.  At present the components that make up the energy 
expression used in the calculations vary in their quantitative reliability.  For instance, 
energies describing covalent interactions (stretching, bending, and torsional forces) are 
well known from spectroscopic and small molecule crystal data.  The terms that are least 
well quantified involve non-bonded interactions (van der Waals, electrostatic, and 
hydrogen-bonding forces) and the interplay of solvent in the whole picture.  Accurate 
description of the magnitude of these terms is also complicated by the fact that they are 
modulated by dielectric effects, which are themselves poorly understood as they apply to 
protein systems.  There is disagreement in the literature about how to deal with these 
effects (Guenot & Kollman, 1992; Schreiber & Stenhauser, 1992; Wesson & Eisenberg, 
1992; Williams et al., 1992; Daggett & Levitt, 1993; Elofsson & Nilsson, 1993; Kitson et 
al., 1993).  Clearly a balance needs to be struck between the underlying influence that the 
electrostatic terms have on the total energy function and how accurately these forces can 
be approximated.  Thus, it is crucial to develop some experimental touchstone to evaluate 
the accuracy of the individual energy parameters. 

 
Although X-ray protein structures provide a wealth of information about 

stereochemical details of the time-averaged structure, it is difficult to sort out the relative 
importance of steric and electrostatic effects in defining certain conformations.  Although 
very few conformations within a polypeptide chain are isolated from some long-range 
factors, certain categories of interactions exist that can be separated and analyzed for 
direct short-range effects.  Particularly informative groups in this type of assessment are 
hydroxyl hydrogen atoms (–O–H) and water molecules (H–O–H) (Figure 2.7-1).  In a 
sense, they act as electrostatic probes having degrees of freedom that allow them to orient 
themselves optimally within the local electrostatic environment.  The interior of a protein 
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represents a well-defined environment in which short-range effects are expected to 
primarily determine the positions of such hydrogen atoms.  Unfortunately, in even ultra-
high resolution in X-ray structures hydroxyl and water hydrogen positions are not 
observable, and therefore assigning an orientation to these groups is not possible.  In 
neutron diffraction, however, the scattering properties of hydrogen and deuterium are 
sufficient to allow them to be located in density maps, facilitating the determination of 
the orientation of hydroxyl groups and water molecules when they are well ordered and 
the analysis is done at high resolution. 

 
 A detailed analysis comparing observed hydroxyl and water orientations based on 
the high resolution neutron structure of the enzyme, trypsin, and those predicted based on 
an extensive molecular dynamics simulation of the molecule was reported by McDowell 
and Kossiakoff (McDowell & Kossiakoff, 1995).  The hydroxyl orientations determined 
by sampling the neutron density maps are graphically compared to the results of the 
dynamics simulation using a polar scatter plot (Fig. 2.7-2).  The variations in the dihedral 
angles over the trajectory of the simulation are generally the result of several possible 
hydrogen bonding solutions.  Overall, the results from the simulation and the neutron 
density maps are in agreement within experimental error.  (An extensive and detailed 
analysis can be obtained in other papers by these authors (Kossiakoff et al., 1990; 
Kossiakoff et al., 1991; McDowell & Kossiakoff, 1995).  Note however, for example, 
that the observed and predicted orientation of Tyr234 hydroxyl hydrogen differs by about 
30°.  On further examination it was determined that this discrepancy was due to an error 
in a force-field parameter, which has been subsequently corrected.  This is an example of 
the type of input that neutron diffraction structures can contribute to the field of 
computational chemistry.  However, this force field/ structure database is based on a 
single structure and by its nature is highly incomplete.  What is ultimately needed to fill it 
out is a series of additional comparisons of molecular dynamics hydroxyl and water 
orientation predictions with their complementary high resolution neutron structures. 

 
The binding modes of inhibitors at protein binding sites can be very sensitive to 

the protonation states of the residues and functional groups involved in the interactions.  
The impact of neutron diffraction on drug discovery can accordingly be very significant, 
due to its ability to provide the correct proton locations.  Moreover, as noted above, the 
availability of neutron structures with correct hydrogen and proton positions will provide 
an important testing ground for theoretical predictions and will help computational 
chemists to identify the deficiencies in the current theoretical approaches (e.g., force 
fields and scoring functions) and to make better predictions in the future. 
  

As an illustration of the importance of correct proton locations and protonation 
states, the interaction of a transition state analog (zebularine 3,4-hydrate or ZEB-H2O) 
with the active site residues of cytidine deaminase (CDA) has been examined using 
quantum mechanical/molecular mechanical (QM/MM) molecular dynamics (MD) 
simulations.  The QM/MM treatment of the enzyme-TSA complex allows the QM part to 
undergo chemical transformations (including proton transfers) in the search for stable 
chemical structure(s) under a given environment.  CDA catalyzes the hydrolytic 
deamination of cytidine to uridine (see Scheme 1A) and accelerates the rate of the 
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reaction by 1011-fold (Frick et al., 1987).  Zebularine (ZEB) binds CDA in a hydrated 
form (ZEB-H2O) (Xiang et al., 1995).  The hydration process seems to be catalyzed by 
CDA via a mechanism that is similar to the formation of the tetrahedral intermediate 
during the CDA-catalyzed reaction (see Scheme 1B).  CDA is strongly inhibited by ZEB-
H2O (3 or 4 in Scheme 1B), and the enzyme's affinity (Ki = 1.2 x 10-12M) for ZEB-H2O 
exceeds the affinity for the product uridine by a factor of approximately 108 (Betts et al., 
1994). 

 
 
Scheme 1 
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The interaction of ZEB-H2O with the active site residues obtained from the X-ray 
structure of the CDA complex (2) is shown in Figure 2.7-3A.  One interesting 
observation is that the covalent bond between C4 and O4 (1.6 Å shown in red in Fig. 2.7-
3A)  is longer than a normal C-O bond (~1.45 Å).  In fact, Xiang et al. (Xiang et al., 
1995) used a restraint of 1.43 Å during the refinement, but the distance changed to 1.6 Å 
in the final structure.  Figure 2.7-3B shows the average structure obtained from molecular 
dynamics (MD) simulations (Xu & Guo, 2004) based on the assumptions that there exists 
a zinc-hydroxide in the CDA-ZEB-H2O complex and that Glu104 is deprotonated (as 
generally accepted and used in the X-ray structure refinement).  As can be seen from 
Figure 2.7-3B, the average structure is rather similar to the one determined 
experimentally (e.g., the C4-O4 distance is 1.57 Å).  However, the structure is unstable, 
and the C4-O4 bond undergoes transient bond-breaking and making during the MD 
simulations; the bond distance approaches or exceeds 2.0 Å about 2-3% of the times (see 
Figure 2.7-4, the blue line).  Figure 2.7-3C shows the average structure from the 
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simulations when the above assumptions concerning the protonation states are not used.  
Glu104 is now treated quantum mechanically along with ZEB-H2O, Zn and the 
hydroxide.  As a result, the proton can move freely between O4 and Glu104 during the 
simulations.  As is evident from Figure 2.7-3C, the protonation states for Glu104 and Zn-
hydroxide as well as the mode of the inhibitor binding have been changed from the 
earlier simulations.  The proton is now located on Glu104 rather than O4.  Figure 2.7-4 
shows that the active site structure is now stable without the transient bond-breaking and 
making (red line).  Free energy simulations have also been performed, and it was shown 
that there may be an extra stabilization of as much as 12 kcal/mol due to the relocation of 
the proton to Glu104.  The prediction for the existence of the different binding mode for 
ZEB-H2O in the CDA active site still needs to be confirmed experimentally.  
 

The results of the QM/MM MD simulations suggest that the location of protons as 
well as the protonation states of active site residues may have a significant effect on 
protein-inhibitor interactions.  The availability of neutron structures with correct 
hydrogen and proton positions will not only provide a better understanding of protein-
inhibitor interactions during the process of drug discovery, but also help to develop 
effective computational tools for drug discovery. 
 

 
Figure 2.7-1. Orientation of a pair of hydroxyl groups coordinating an intervening water 
molecule.  The hydroxyl group of T28 acts as a H-bonding donor while the hydroxyl of 
T21 is a H-bonding acceptor. 
  



 45

 
Figure 2.7-2. Comparison of the positioning of a hydroxyl rotor (Ser54), as determined 
experimentally from the neutron density map, with that predicted from a molecular 
dynamics simulation.  The simulation was interrogated at intervals of 1 psec over the full 
simulation time of 120 psec.  The experimental position matches very well the low-
energy position predicted theoretically based on the Amber force-field (upper panel).  
The lower panel shows a scatter plot of points taken from the MD simulations, the 
average of which coincide with the experimentally determined torsion angle of 90º.  
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C Figure 1. (A) X-ray structure (Xiang et al.,
Biochem. 1995). H-bond distances are 
between non-hydrogen atoms. The C4-
O4 distance (red color) is 1.60 Å. (B) An 
average structure from the simulations 
that are based on the assumptions that
the zinc hydroxide and the deprotonated
Glu104 are present in the CDA-ZEB-H2O
complex (QM: Zn, ZEB-H2O; MM: the 
rest). The C4-O4 distance (red color) is 
1.57 Å. (C) An average structure from 
simulations without the assumptions 
(QM: Zn, ZEB-H2O and Glu104; MM: the 
rest). The proton is on Glu104 rather 
than O4 during the simulations.  

 
Figure 2.7-3. Structural details in CDA. 
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Figure 2. The motion of ZEB-H2O in the active site of CDA 
as a function of time monitored by the C4-O4 distance. 
Blue: based on the assumptions that there exists a 
zinc-hydroxide in the CDA-ZEB-H2O complex and that 
Glu104 is deprotonated; Red: without such assumptions.

 
Figure 2.7-4.  The motion of ZEB-H2O in the active site of CDA. 
 

2.8 New Opportunities for Neutron Fiber Diffraction  
 
 Fiber diffraction (X-ray and neutron) is principally used as a method for 
determining the structure of filamentous systems at a molecular level.  Fiber studies have 
always formed a lower resolution subset of diffraction studies, providing key information 
about orientation and positioning of subunits within the fiber, perhaps most famously in 
Rosalind Franklin’s diffraction image of DNA that was essential for deducing the 
structure.  Fiber studies often serve as a bridge between the materials and biological 
sciences by facilitating the design of synthetic mimics of biological products and 
improving the biocompatibility of synthetic materials used in biological and medical 
applications.   
 
 As with other X-ray techniques, fiber diffraction can elucidate the position of 
subunits, but the role of solvent, especially in the condensation of the fiber, is much more 
difficult to assess.  However, in fibers the large neutron scattering power of D and the 
ability to replace H by D, or H2O by D2O, mean that there are important advantages in 
using neutrons rather than X-rays in order to study hydrogen bonding and hydration and 
the central roles they play in controlling biologically important structures.  
 
 Neutron fiber diffraction studies have provided important information on the 
location of water molecules or of hydrogen atoms in biological polymers such as DNA 
and hyaluronic acid (water is a key determinant of structure in these systems), cellulose 
(hydrogen bonding plays a vital role in determining its unique physical properties), and 
filamentous viruses.  These studies have been reviewed recently as being of “special 
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interest” and “outstanding interest” (Niimura, 1999b; Stubbs, 1999).  The expected gains 
in data collection efficiency on MaNDi at the SNS will open up exciting new 
opportunities for neutron fiber diffraction.  
 
 One new opportunity will be the use of specifically deuterated components in 
polynucleotide fibers.  In addition to replacing labile H on water molecules by D, there is 
the possibility of replacing covalently bound H by D on specific scattering groups or 
ligands.  Labeling or “highlighting” structural groups in this way can provide unique 
information on individual chains in triplexes, base sequence dependent conformational 
variations, and drug binding.  Specific deuteration has up until now been prohibitively 
expensive, but it will become practicable with the smaller sample sizes anticipated at 
SNS.   
 
 Smaller samples also mean new opportunities for studying systems that are 
currently studied with X-rays but which can only be practically extracted and prepared in 
small quantities (including bacterial capsid polysaccharides, amyloid fibrils, certain silks, 
cytoskeletal components, and filamentous viruses).  For filamentous systems that can be 
prepared as large samples, the projected gains in data collection efficiency open up the 
exciting opportunity of following rearrangements in hydration and hydrogen bonding 
during structural transitions in fibers. 
 

2.9 Impact of Low-Resolution Neutron Diffraction Studies in the Biological 
 Sciences 
 
 Low-resolution crystallography using neutron diffraction and contrast variation is 
a unique method for determining molecular arrangements in large multi-component 
macromolecular complexes.  This technique has been especially valuable for studies of 
crystals of membrane proteins.  In such crystals, various types of detergents are essential 
components, but X-ray diffraction provides little information on detergent locations, due 
to disorder.  Using contrast variation, all disordered components, including disordered 
parts of the protein, can be located with only low-resolution data. 
 
 A dedicated instrument for low-resolution NMC, DB21, has operated at the ILL 
since 1985.  This instrument uses a wavelength of 7.5 Å, and it can measure on systems 
with unit cell repeats up to 300 Å while still requiring crystals of only 0.1mm3 in volume.  
DB21 currently is the only instrument anywhere for such studies, although some earlier 
studies were made using small-angle neutron scattering instruments.  It is therefore 
critical that MaNDi be designed to operate in low-resolution mode using long-
wavelength neutrons, vide infra.  To date, low-resolution NMC has been used in studies 
including the following:  a) membrane protein/detergent complexes (Zulauf et al., 1986; 
Roth et al., 1989; Roth et al., 1991; Pebay-Peyroula et al., 1995; Penel et al., 1998; 
Snijder et al., 2002; Prince et al., 2003), b) protein/nucleic acid complexes such as 
viruses (Timmins et al., 1994) and nucleosomes (Finch et al., 1980; Bentley et al., 1981; 
Bentley et al., 1984), c) heterooligomeric proteins using specific deuteration of certain 
proteins or fragments (Trewhella et al., 1986), and d) macromolecular shape 
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determination (surface envelopes) for ab initio phasing of X-ray diffraction data (Badger, 
1996). 
 
 The methods of contrast variation, selective deuteration, and neutron diffraction 
have also been extensively used to locate molecular constituents in partially ordered 
structures such as membrane stacks (Saibil et al., 1976), two-dimensional membrane 
crystals (Trewhella et al., 1986), and protein or protein/nucleic acid fibers.  
 
 Clearly, a protein crystallography instrument at SNS that has the capability of 
measuring on materials with unit cell repeats up to 250 or 300 Å would be of great value 
for the analysis of macromolecular complexes.  Technical requirements for these large 
unit cells are largely compensated by the need for only low-resolution data, e.g., 10 to 15 
Å.  An essential requirement for low-resolution, contrast variation studies is that the 
instrument be capable of measuring all the low-Q data.  Appropriate combination of 
collimation and wavelength range would make such studies an option on the MaNDi 
instrument that would normally be used for smaller protein structures at higher 
resolution.  
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DESIGN OF MaNDi 
 

3.1 Introduction 
 
 MaNDi will be designed to be the best-in-class diffractometer for fast and 
efficient measurements of a full hemisphere of Bragg data with a resolution of 1.5 Å on 
macromolecular crystals with lattice constants in the range of 150 Å (∆d/d = 1%). With 
larger crystals, it will be able to obtain useful data in the resolution range of 2.0-2.5 Å for 
unit cell repeats of up to 300 Å.  Based on both analytical and Monte Carlo simulations 
the design will ensure that, for a given resolution, MaNDi will achieve the highest 
throughput, minimal peak overlap, and high signal-to-noise ratio.  A three-dimensional 
computer model of MaNDi is shown in Figure 3.1-1. 
 

 
 The performance of MaNDi at both the coupled and decoupled liquid hydrogen 
and water moderators at the SNS has been investigated by employing well established 
analytical procedures and Monte Carlo simulations as described in Sections 3.3 and 3.4.  
Water moderators have lower flux than cryogenic liquid hydrogen moderators in the 
useful wavelength region for neutron macromolecular crystallography.  A coupled 
hydrogen moderator can provide higher neutron flux in the wavelength region 1.5 – 5.0 
Å, but the longer pulse widths significantly compromise the resolution for larger unit cell 
systems.  Our calculations show that the high resolution applications in structural biology 
requires a moderator that provides high neutron flux in the wavelength region 1.5 to 5 Å 
and narrow pulse widths such as the decoupled liquid hydrogen moderator at SNS.  
Furthermore, the improved signal-to-noise of the decoupled moderator leads to shorter 
experimental beam times than with the coupled moderator for medium to large unit cells 
with lattice constants of ~100 Å or greater (see Sections 3.3 and 3.4). 
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 Based on these evaluations, MaNDi has been designed for a decoupled hydrogen 
moderator with a 24.5 m flight path allowing a wavelength bandwidth of about 2.7 Å 
(without any frame overlap) for the source frequency of 60 Hz at SNS. It will employ a 
set of three choppers located at 7.2 m, 8.2 m, and 10.4 m downstream from the 
moderator, respectively, for the selection of wavelength bandwidth. State-of-the-art high 
index neutron supermirror guides will be used for the efficient beam transport leading to 
a flux gain at the sample position in the range of 2-10 when compared to that with no 
guide. A curved guide in the middle section will reduce the overall instrument 
background and will eliminate any potential radiation damage by γ rays and high energy 
neutrons from the target to the crystals of biological samples. The combination of a wide 
wavelength bandwidth, sharp pulse width at each wavelength and large solid angle 
detector coverage will provide unprecedented high through-put and resolution for MaNDi 
in comparison to the current facilities for NMC. Indeed MaNDi for the first time will 
push the envelope in NMC on two fronts: smaller crystals (<1 mm3 normal and ~ 0.1 
mm3 perdeuterated proteins) and large unit cell edges (> 100 Å), both of which are 
beyond the limits of the current limited facilities.  

3.2 Conceptual Design 
 
The main features of the conceptual design include: 
 

• Moderator choice 
It has been suggested that a coupled moderator should be used for NMC 
applications since NMC is a highly flux limited technique. However, our 
calculations (described below) show that the decoupled cold hydrogen 
moderator has superior pulse resolution and signal-to-noise. 

 
• Neutron guide system 

As part of a neutron guide system, a curved guide takes the sample out of 
the moderator's direct line-of-sight and will thus reduce background and 
eliminate radiation damage to the biological samples by γ rays and high 
energy neutrons. Together with a subsequently following straight guide, 
such a guide system will provide an efficient beam transport of cold 
neutrons as well as the tunability of angular divergence as required at the 
sample position. 

 
• Bandwidth choppers 

Choppers with variable phase settings will be used to provide access to 
different wavelength bandwidths of neutrons sorted by time-of-flight 
(TOF). 

 
• Beam defining optical components 

The use of a variety of beam defining optical components will give 
flexibility to match the flux, angular divergence, and consequently 
instrument resolution to different experimental requirements. 
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• Sample stage 

A kappa goniometer on a positioning table will be used for mounting and 
orienting the crystals. 

 
• Detectors 

An array of state-of-the-art position-sensitive area detectors will be used to 
cover a wide solid angle around the sample. 

 

3.2.1 Layout of MaNDi 
  
 Figure 3.2.1-1 shows the schematic layout of an optimized high throughput and 
high resolution MaNDi instrument determined from analytical calculations and Monte 
Carlo simulations and Table 3.2.1-1 provides the preliminary instrument parameters. 
MaNDi will be positioned next to the Single Crystal Diffractometer (to be built at SNS 
beam line 12), sharing beam port 11 with the high resolution Powder Diffractometer 
(POWGEN3). 
 

 
 

Figure 3.2.1-1.  Schematic layout of the MaNDi instrument 
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Table 3.2.1-1. Preliminary instrument parameters of MaNDi 
 

Moderator Moderator type Top Upstream 
 Material Para-Hydrogen 
 Decoupler Cadmium 
 Poison Gadolinium 
 Poison depth 27 mm 
 Width 0.10 m 
 Height 0.12 m 
Curved Guide Starting point 6 m downstream 
 Width 1.5 cm 
 Height 1.5 cm 
 Length 12 m 
 Supermirror coating m=3 
 Total turn angle 0.43° 
 Radius of curvature 1599 m 
 Line-of-sight lost ≈20 m 
Straight Guide Starting point 18 m downstream 
 Width 1.5 cm 
 Height 1.5 cm 
 Length Variable: Depends on resolution 

requirement 
 Supermirror coating m=3 
Bandwidth Choppers Positions 7.2 m, 8.2 m, 10.4 m 
Moderator-to-sample distance  24 m 
Wavelength range 2.0 Å ≤ λ ≤ 4.69 Å ∆λ = 2.69 Å 
Wavelength resolution  ≈ 0.15% 
Sample-to-detector distance  0.5 m 
Detectors Array of 2-D PSDs 1 mm resolution scintillation 

detectors 
 
 

3.2.2 Neutron Guide System 
 
 To efficiently transport cold neutrons from the moderator to the sample position, 
MaNDi will use high index curved and straight guides because of their following 
advantages: 
 

• Neutron guides offer significant gain in flux when compared to natural 
collimation viewing the whole moderator. 

• Curved guides in the middle section of the beam line make it possible to 
gently steer the neutron beam such that the sample is completely out of line-
of-sight of the source. 
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• Small widths of the beam allow for the more efficient operation of bandwidth 
choppers for wavelength selection. 

 
 A curved guide provides two advantages: (1) It has a clear cut-off wavelength, i.e. 
it prevents leakage of high-energy neutrons through absorbing beam conditioning devices 
(chopper blades, slits etc.), and (2) It will make the operation of MaNDi easier from the 
safety point of view because it will allow only cold neutrons in the beam at the sample 
position. 
 

3.2.3 Guide Layout 
 
 Monte Carlo (MC) simulations using the IDEAS package (Lee & Wang, 2002) 
were used to optimize the length, location, curvature, and type of supermirror coating of 
the neutron guide system, and the distance from the guide exit to the sample. MaNDi's 
guide system starts at a distance of 6 m from the moderator, and consists of a 12 m long 
curved guide followed by a straight guide (Fig. 3.2.3-1) whose length can be selected 
based on the resolution requirement. The sample position is at 24 m and the distance 
between sample and detector will be 0.5 m or less. The sample-to-detector distance will 
be defined at a later stage giving due consideration to the spatial resolution of the 
detector, cost, ∆Q resolution, etc.  
 

 
Figure 3.2.3-1.  Schematic layout of the neutron guide system. 

 
 Figure 3.2.3-2 shows the ratio of the intensity values at sample position with and 
without guides as a function of wavelength. It follows that substantial gain in flux (up to 
a factor of 12) can be achieved by using a guide system (supermirror coating m = 3) when 
compared to the natural collimation. The gain in intensity is related to the increase in the 
angular divergence of the beam as shown in Figure 3.2.3-3 (e.g. for neutrons with λ = 2 
Å the FWHM beam divergence is ≈ 0.4°). However, the incident neutron beam 
divergence can be adjusted to match the resolution requirements of a given experiment by 
using interchangeable sections of guide and/or a variety of collimators before the sample 
position.  
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Figure 3.2.3-2.  Gain vs. wavelength for the neutron guide system. 
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Figure 3.2.3-3.  Upper panel: beam divergence at the crystal position for a guide ending 

0.5 m upstream from the sample position (black) and for a guide ending 3 m 
upstream (red).  Lower panel:  incident fluxes for the two guide ending positions. 

 

3.2.4 The Sample Position 
 
 The moderator-to-detector length of 24.5 m of the instrument has been chosen to 
utilize a large wavelength band of neutrons (∆λ = 2.69 Å) that can be sorted by time-of-
flight with a reasonable time resolution. 
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 Figure 3.2.4-1 shows a MC simulation of neutron flux at MaNDi's sample 
position (24 m downstream from the moderator, sampling area 1 cm × 1 cm). The black 
curve represents intensity calculated without a guide system. Data shown in red represent 
intensities of wavelengths 0.1 Å ≤ λ ≤ 5 Å (open symbols) and intensities of the useful 
wavelength range ∆λ (closed symbols), respectively. The integrated intensity in 
consideration of the useful wavelength bandwidth amounts to 6.8×107 n cm-2 s-1 (high 
intensity guide setting). 
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Fig. 3.2.4-1.  Calculated neutron flux at sample position for high intensity guide setting. 

 

3.2.5 Beam Defining Optics 
 

 The beam divergence can be readily tuned by addition/removal of 0.5 m long 
guide sections between the guide exit and the sample. In addition, beam defining optics 
such as Soller collimators, polycapillary focusing optics (Gibson et al., 2002; Mildner et 
al., 2002), tapered guides and pinhole collimators, will be designed for insertion between 
the guide exit and the sample to further optimize the beam divergence to experimental 
requirements. 

3.2.6 Detectors 
 
 An array of state-of-the-art high efficiency position sensitive area detectors with a 
spatial resolution of ~1 mm will be used to cover a wide solid angle around the sample. 
Recently developed scintillation detectors for time-of-flight single crystal neutron 
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diffractometer SCD at IPNS can potentially be used on MaNDi. New detector technology 
being developed at IPNS will enable the use of tiled area detectors with minimal gaps. 
 



 59

3.3 Moderator Choice – Analytical Calculations 
  
 The two conflicting parameters, intrinsic flux limitation and the high resolution 
requirement for structural biology, pose a challenge in the selection of the best moderator 
for NMC applications at SNS. In the following we carefully analyze the performances of 
both a coupled hydrogen, a decoupled hydrogen and two decoupled water moderators for 
protein diffraction applications at the high-power target station (HPTS) at SNS, giving 
due consideration to: 
 

• Resolution 
• Emission times 
• Effective FWHM of the pulses 
• Counting statistics 

 
 Since high resolution structural biology requires high flux of cold neutrons, a 
coupled hydrogen moderator has been proposed by many for NMC applications. 
However, when high resolution data for crystals with unit cell size greater than 100 Å are 
required our calculations show that it is important to consider both the flux and the 
resolution (pulse lengths of the emission time) of the moderator. The increased flux from 
the coupled moderator (8 times that of the decoupled moderator at λ > 2.5 Å) comes at 
the cost of a pulse width that is about 8 times larger than that of the decoupled moderator. 
Monte Carlo simulations show that if MaNDi views a coupled hydrogen moderator the 
long tails in the emission times (pulse width) will be detrimental to both its resolution and 
the counting statistics (signal-to-noise).  
 
 Table 3.3-1 provides a list of the moderators and beamlines which have been 
simulated and for which “metrics” and “source” files are available on the SNS web site 
(Iverson, 2002).  These files contain the flux and pulse shape data that are used in the 
calculations and simulations described in this proposal.  The decoupled hydrogen 
moderator refers to beamline 11 and the coupled hydrogen refers to beamline 5.  We also 
performed Monte Carlo simulations for the water moderators on beamline 8 (high 
resolution water) and beamline 17 (high intensity water).  The list of comparable 
beamlines, which are currently assigned to no instrument, are also listed in Table 3.3-1. 

 

Table 3.3-1.  Simulated and available beamlines at the SNS High Power Target Station 

Moderator Material Decoupler Poison Poison 
Depth 

Beamline 
Simulated 

Beamline 
Available 

Top Upstream para-hydrogen cadmium gadolinium 27 mm 11 11B 

Top Downstream para-hydrogen none none n/a 5 14A 

Bottom Upstream water cadmium gadolinium 15 mm 8 8 or 9 

Bottom Upstream water cadmium gadolinium 25 mm 17 16 
 
 The choice of the moderator was evaluated by two independent approaches.  The 
first approach described in this section (3.3) is based primarily on well-established 



 60

analytical expressions, which are used to calculate resolution, flux and count rates.  In 
section 3.4, all moderator options were simulated by Monte Carlo techniques and the 
results were evaluated by deriving a Figure-of-Merit for each possible instrument 
configuration.  Based on both approaches, it has been found that the decoupled hydrogen 
moderator is superior to other moderators for MaNDi. 

3.3.1 Effective Flux of the Decoupled Hydrogen Moderator 
 
 In order to make decisions on the optimal wavelength range for the diffraction 
experiments an effective flux is calculated by weighting the flux from the moderator for 
the reflectivity of neutrons.  

 The integrated intensities Ihkl are related to structure factor amplitudes |Fhkl| based 
on the Laue formula: 
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whereφ(λ) is the incident neutron intensity per unit wavelength range at wavelength λ 
(n·cm-2·sec-1·Å-1), Vs is the sample volume, Vc is the crystal unit cell volume, Fhkl is the 
structure factor, and 2θ is the Bragg angle. Terms for the detector efficiency, sample 
absorption and extinction have not been included. 
  

 Equation (1) can be rewritten as 

 

 222
2)( hklhkl

c

s
hkl dF

V
VI λλφ=  (2) 

 
This leads to an effective flux (Jauch, 1997; Wilson et al., 2001) of 
 
 φeff(λ) = φ(λ)·λ2 (3) 
 
In this case, one takes into account that for any hkl, the d-spacing is constant regardless of 
the angle. Then, the optimal wavelength for measuring all Bragg peaks is the same, but 
the optimal angle will be different for each hkl.   
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 At the longer wavelengths that we are interested in, the sampling of simulated 
data points in the moderator data files posted on the SNS web site (Iverson, 2002) 
becomes sparse and there appears to be quite a bit of random “noise” in the spectra.  
Therefore, we have used the equations and parameters in Iverson et al. (Iverson et al., 
2002) to obtain smoothed spectral curves. Multiplying the flux for the decoupled 
hydrogen moderator by λ2 at each wavelength gives the curve shown in Figure 3.3.1-1. It 
is clear from Figure 3.3.1-1 that wavelengths in the range of 1.5 to 5.0 Å provide the 
highest effective flux.  

3.3.2 Gain vs. Wavelength for Coupled Hydrogen Moderator 
 
 In Figure 3.3.2-1, the wavelength dependence of the ratios of the total intensity 
from the coupled and decoupled hydrogen moderators is plotted.  This is the gain in total 
intensity provided by the coupled hydrogen moderator.  It is seen that for wavelengths of 
about 2.5 Å or greater a flux gain of eight can be obtained with the coupled moderator.  
However, the overall flux gain for the coupled moderator is greatly diminished in the 
important wavelength range of 1.5 – 2.5 Å. 
 

 
Figure 3.3.1-1.  Plot of λ2·φ(λ) versus wavelength at the moderator 

surface for the decoupled, poisoned hydrogen moderator. 
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3.3.3 Resolution with Different Moderators 
  
 For diffraction, the Bragg equation is 
 λθ =sin2d  (4) 
In Q space, this becomes 
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substituting (6) into (5) gives 
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 As shown by Crawford (Crawford, 1978), differentiating Equation 7 gives the 
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In terms of d-spacings in real space, it can be shown that R also equals ∆d/d in the 
following manner, where d1 < d2: 
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Figure 3.3.2-1. Intensity gain for the coupled hydrogen moderator obtained by 
calculating the ratio of the total intensities of the pulse at each wavelength of the 
coupled and decoupled moderators. 
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which can be rewritten as 

 
d
dR ∆

=  (10) 

  
 Resolution in macromolecular crystallography refers to a minimum d-spacing 
(dmin) to which observed data are obtained (Qmax), which is then also related to the ability 
to resolve features in the structure in real space. Let us take the example of a cubic unit 
cell with unit cell dimensions of a = b = c. Then it can be shown that to resolve two 
Bragg peaks at dmin   

 
a

d
R min<  (11) 

 
 However, the resolution R as derived from Eq. 8 is based on a Gaussian 
distribution where the summed terms are standard deviations (σ).  For single crystal 
diffraction, it is not sufficient to resolve peaks, but we need to integrate the peak such that 
peaks have to be fully separated. Therefore the resolution requirement is 
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since from -2.5σ to +2.5σ about the mean contains almost 99% of a Gaussian peak (Jauch, 
1986; Jauch, 1993). 
 
 One complication is that often the delta terms in (8) are FWHM terms and not 
standard deviations. Since 
 σ354.2=FWHM  (12) 
then 5σ = 2.12 x FWHM, such that 

 
a

dRFWHM 12.2
min<  (13) 

 

 The pulse width time resolution contributes primarily to the resolution parallel to 
the diffraction vector, whereas the angular resolution primarily contributes to that in the 
perpendicular direction.  From Jauch  (Jauch, 1997), the condition 

  θsin)(1.238)(
2
min

a
dLFWHMt pulse ≤∆  (14) 

must be met for peaks to be completely separated in the direction of the reciprocal lattice 
vector at dmin for a crystal with a unit cell axis length of a. In this equation, the units are: 
t, µs; L, m; dmin and a, Å.  For a Gaussian peak, the full width of 5σ is then 2.12 times the 
∆tpulse(FWHM) obtained from equation (14). 
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 Equation (14) can be derived in the following manner.  We begin with the 
following equations: 
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Making the appropriate substitutions, we obtain  
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Evaluating the terms in the brackets leads to equation (14). 
 

3.3.4 Effective FWHM of the Pulses 
 
 Figure 3.3.4-1 shows the pulse shapes for 2.55 Å neutrons from the coupled and 
decoupled hydrogen moderators. For the coupled liquid hydrogen moderator, the 
intensity at the peak region of the pulse is only about 1.5 times greater than that from a 
decoupled liquid hydrogen moderator. However, the pulse width is over 8 times larger for 
the coupled moderator. Thus the pulse shapes are not Gaussian so that 2.13FWHM does 
not contain 99% of the peak.  The values for the coupled and decoupled hydrogen 
moderators are compared in Table 3.3.4-1.  Since 99% can be considered as too difficult 
to achieve, we have adopted a goal of 90% of the total intensity, or 10% of the maximum, 
whichever is longer.  It is seen from Table 3.2.6-1 that the eightfold gain in intensity with 
the coupled moderator results at the expense of nearly ten times larger pulse width for the 
decoupled moderator. The longer pulse widths at the coupled moderator, in addition to 
affecting the resolution parallel to the q-vector, will increase the background by about 8 
times, thus affecting the signal to noise ratio of the diffraction peaks. 
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Table 3.3.4-1.  Comparison of coupled and decoupled H2 moderators for the pulse 
corresponding to λ = 2.55 Å 

Parameter Coupled H2 Decoupled H2 Ratio 

Total intensity 
(n/ster/pulse/eV) 3.06 x 1014 3.84 x 1013 8.0 

FW at 90% of total intensity 
(µsec) 430 45 9.6 

FW at 10% of max (µsec) 335 58 5.8 

 

 Table 3.3.4-2 provides the maximum allowable pulse full widths derived from 
equation (14) for different wavelengths and corresponding Bragg angles to resolve peaks 
for a cubic system with a = 150 Å, dmin = 1.5 Å, and L = 24.5 m.  Also shown are the full 
widths corresponding to 90% of the total intensity, or 10% of the maximum, whichever is 
longer, for the pulse from each moderator.   

Figure 3.3.4-1.  Pulse emission distribution for neutrons with λ = 2.55 Å for the 
coupled and decoupled liquid hydrogen moderators (and water) at the HPTS at SNS. 
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Table 3.3.4-2. Calculated maximum allowed pulse full widths (Eq. (14)) and 
ratios of the pulse full widths and intensities of the coupled and 
decoupled hydrogen moderators at different wavelengths for a 24.5 
m instrument (a = 150 Å, dmin = 1.5 Å,). 

2θ 
(deg) 

λ 
(Å) 

Equation (14)
FW ( µsec) 

Coupled 
FW (µsec)

Decoupled
FW (µsec) 

FW 
Ratio 

Intensity 
Ratio 

30 0.776 49 33 17 1.9 1.1 
60 1.500 94 300 27 11.1 2.2 
90 2.121 132 400 44 9.1 5.8 
120 2.598 162 430 58 7.4 8.0 

150 2.898 181 445 66 6.7 8.3 
 

The data in Table 3.3.4-2 leads to the following conclusions:  
 

• The pulse width of the decoupled moderator is more than adequate at all 
wavelengths. Perhaps a partially coupled moderator or one with a greater poison 
depth that can provide higher flux could be useful, but such a moderator is not 
available at the SNS.  

• The effective FWHM values for the coupled moderator are higher than the values 
in Equation (14) and hence a 24.5 m long instrument cannot take advantage of 
the higher flux with coupled moderator.  

 

 One way to take advantage of the higher flux from the coupled hydrogen 
moderator for NMC is by increasing the length of the flight path to 75 m (see Equation 
(14)). Although such a long flight path instrument can be useful for NMC applications, 
there are several disadvantages. 

• Resolution is still borderline as can be seen in Figure 3.3.7.1-3, where we have 
shown the peak shapes for a top hat function corresponding to a dmin = 1.5 Å for a 
cubic unit cell of 150 Å (vide infra). The peaks are well separated for a 24 m long 
instrument with a decoupled liquid hydrogen moderator, while there is a large 
peak overlap for a similar length instrument viewing a coupled moderator. 
Although the peak overlap has improved for a 75 m long instrument, it is still 
inferior to the decoupled moderator case.   

• The usable wavelength bandwidth (∆λ) will be reduced due to frame-overlap 
condition,   

 
∆λ = 3955/(f·L) (21) 
 

where, L is the instrument flight path length (m) and f is the source frequency (60 
at SNS). 

• Total guide efficiency for longer wavelengths at 75 m will be about 60% (based 
on MC simulations) and much less for shorter wavelengths. 
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• There is a large additional cost associated with the construction of a 75 m long 
instrument. 

3.3.5 Counting Statistics 
 
 For protein crystals, the large unit cells lead to weak average peak intensities. In 
addition, there is a high background due to the incoherent scattering of hydrogen atoms 
(unless the entire protein is deuterated). For weak peaks with small signal-to-background 
ratios, the standard deviation of an integrated peak σ(I) based on counting statistics is 
essentially the square root of the background counts B (Wilkinson & Lehmann, 1991; 
Jauch, 1997; Wilson et al., 2001). 
 
 Increasing the integrated flux by a factor of 8 in the case of the coupled moderator 
will increase the background by a similar factor such that 
 

 
)(

8.2
)8(

8
)( 2/1

d

d

d

d

c

c

I
I

B

I
I

I
σσ

==  (22) 

 
where Ic is the Bragg peak integrated intensity with the coupled moderator and Id is the 
intensity with the decoupled moderator. Thus, there would appear to be a 2.8 times 
improvement in signal-to-noise ratio. The signal-to-noise gain is true only if the peak 
widths are the same, so that the number of points (time channels) that are sampled is 
identical. However, the effective pulse widths for the coupled moderator (see Table 3.3.4-
2) is about 8 times larger than that for the decoupled moderator and hence it would 
require sampling that many more time channels to determine the background properly. In 
Equation (22), increasing the background counts B by another factor of 8 essentially 
cancels the effective increase in the signal due to a larger flux with the coupled 
moderator.  However, for cases where σ(I) is not dominated by the background, such as 
crystals with small unit cells, the coupled moderator could offer a modest advantage over 
the decoupled moderator as discussed in Section 3.4. 
 
 Based on the superior pulse resolution of the decoupled moderator and the 
minimal advantage in overall counting statistics of the coupled moderator, we have 
concluded that the decoupled hydrogen moderator is the best choice for MaNDi. 

3.3.6 Effective Flux Comparison for Water vs. Hydrogen Moderators 
 
 A comparison of the room temperature water moderator with the cold hydrogen 
moderator was also examined.  As described above, the plot in Figure 3.2.8-1 was 
obtained by multiplying the flux φ(λ) in units of n/ster/pulse/Å by the square of the 
wavelength λ2 (Å2) at each wavelength to give an effective flux: 
 
 The data shown in Figure 3.3.6-1 are calculated using the equations and 
parameters in Iversen et al. (Iverson et al., 2002) and Equation (2). 
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Figure 3.3.6-1.  Plots of effective flux at the moderator surface for the 

high resolution water and the decoupled hydrogen moderators at SNS. 
 
 The maxima for the effective flux spectra of water and hydrogen are at 
wavelengths of 1.25 and 3.10 Å, respectively.  For a d-spacing of 2.0 Å, the 
corresponding 2θ angles are 36° and 102°, respectively, as shown in Table 3.2.8-2.  The 
resolution is evaluated using equation (8). 
 
Table 3.3.6-1.  Largest resolvable lattice constants at the peaks in the effective flux for 

water and hydrogen moderators, all else being equivalent.  

 Water Hydrogen 

λ at peak in effective flux spectrum, Å 1.25 3.10 

2θ, deg. 36 102 

Resolution, ∆d/d 0.011 0.0034 

dmin, Å 2.0 2.0 

a, largest resolvable lattice constant at dmin, Å 85 275 
 
 The values in Table 3.3.6-1 indicate that a cold moderator such as decoupled 
hydrogen moderator has the advantage of being able to measure data at higher scattering 
angles where the resolution is much better than at lower scattering angles.  The cot(θ) 
term in equation (8) greatly reduces the resolution and, consequently, the usable detector 
area for the room temperature water moderator. 
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3.3.7 Instrument Performance 
 In this section the expected performance of the MaNDi instrument is discussed 
with respect to 
 

• Resolution 
• Data collection times 

 

3.3.7.1 Resolution from Reflectivity Calculations 
 

 In order to determine the resolution (and possible overlap) of such peaks, we 
calculated the reflectivity of a sample (i.e., a mirror), which reflects neutrons in the 
horizontal plane. The mirror is set up at a nominal angle of 45° relative to the beam and 
the detector is at 90° horizontally. 

 Figure 3.3.7.1-1 shows a diagram of the reflectivity input file with three peaks qi-

1, qi, qi+1. These peaks represent three peaks centered at d = 1.5 Å (q = 2π/d = 4.19 Å–1) 
with a unit cell repeat of 150 Å.  Then the three peaks correspond to the Bragg index h = 
99, 100, and 101.  A TOF-instrument with infinite angular and time-of-flight resolution 
will be able to reproduce this spectrum. If angular and TOF resolution are limited (like in 
every real experiment), a smearing of the sharp peaks is expected. 

 

 
 

Figure 3.3.7.1-1.  Reflectivity input file for IDEAS. 
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Note that for all calculations, 
 

• IDEAS takes the time-dependence of the moderator emission into 
account. 

• IDEAS "measures" in time-of-flight mode, i.e. the detector arrival time of 
neutrons is determined, and data are grouped in small time bins (as it is 
done at a real instrument). The q-values are calculated afterwards. The 
conversion from time-of-flight to wavelength is not straight forward. The 
different moderators have a wavelength-dependent emission delay time, 
which needs to be taken into account. 

• The neutron arrival times are measured with a constant time-of-flight 
resolution of ∆t/t = 0.035% (i.e. the detector has logarithmic time 
binning). This provides that all peaks are calculated with approximately 
the same number of data points. 

• The IDEAS detector module determines intensity per TOF bin per pulse. 
The data were normalized to obtain the unit: neutrons per second per 
TOF bin per cm-2 of detector area (n cm-2 s-1 bin-1).  

• Sample width is to be understood "transverse relative to neutron beam". 

• The "no guide" option means a full view of the moderator (10 cm wide, 
12 cm high). 

• The "natural" beam divergence calculated at the sample position is 
determined by viewing the full moderator size, the distance between 
moderator and sample, and the sample size. 

• The "natural" divergence calculated at the detector is determined by the 
sample size, the distance between sample and detector, and the detector 
pixel size. 

 
 Figure 3.3.7.1-2 shows schematically three different MaNDi instrument 
configurations. 
 

• Blue: A 75.5-m-long instrument at a coupled moderator, ∆λ = 0.87 Å 
• Green: A 24.5-m-long instrument at a coupled moderator, ∆λ = 2.69 Å 
• Red: A 24.5-m-long instrument at a decoupled moderator, ∆λ = 2.69 Å 
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 Figure 3.3.7.1-3 shows peak shapes calculated for the three different instrument 
configurations.  It follows from Figure 3.3.7.1-3 that using a decoupled moderator at a 
24.5-m-long instrument (red curve) would be the best choice for measuring a set of high-
resolution Bragg data. Although a coupled moderator has higher flux, this extra intensity 
is not useful since it results in an increased background (and therefore making the desired 
separation of the peaks impossible). Compared to a 24.5-m-long instrument for the 
coupled moderator, the 75.5-m-long instrument shows a better (but not complete) 
separation of the peaks. This, however, comes at the expense of reduced bandwidth 
(factor 3) and at the expense of much higher cost for the instrument (longer neutron 
guide, much larger shielding volume). 
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Figure 3.3.7.1-2.  Three different MaNDi instrument configurations at liquid 

hydrogen moderators at SNS. 
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 The presented data in Figure 3.3.7.1-3 confirm the results from analytical 
calculations. If MaNDi views a coupled moderator, the instrument length would need to 
be more than 100 m in order to achieve a similar resolution as a 24 m long instrument at a 
decoupled moderator. 
 

3.3.7.2 Data Collection Times  
 
 The performance of MaNDi has been calculated based on counting times 
necessary to obtain a complete data set for protein crystals with different unit cell sizes, 
by taking into consideration of the data precision, Debye-Waller factor, flux and 
incoherent background. 
 
 We calculated counting times based on an Equation 23 proposed by Jauch (Jauch, 
1997): 
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The parameters in Equation 23 are defined in Table 3.3.7.2-1 
 

 
 
Figure 3.3.7.1-3.  Peak shapes for a top hat function corresponding to a dmin = 1.5 Å 
for a cubic unit cell of 150 Å for configurations of MaNDi in Figure 3.3.7.1-2. 
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Table 3.3.7.2-1.  Parameter definitions for Equation 23. 
 

Parameter Description 
V unit cell volume 
Vs crystal volume 
N number of atoms in the unit cell 
B isotropic temperature factor 
Ninc/N ratio of incoherent (hydrogen) atoms to total atoms 
σinc incoherent cross section 
A transmission due to sample absorption 
ε precision of the data set (ε = 0.1) 
φ(λ)·λ2 average flux at sample 
<b2> average scattering length squared per atom 
H0 1/dmin 
x 0.5*B/dmin

2 
f(x) see Jauch (1997), bottom of p. 165 
<TH> overall Debye-Waller factor 
t time per setting 

 
 Figure 3.3.7.2-1 is a plot of data collection times for MaNDi. Validation of this 
approach was achieved by using the published beam time data used for a few protein 
crystals of known volume from PCS, BIX3 and LADI.  
 
 For crystals of deuterated proteins with a volume of 0.125 mm3, a complete data 
set for a dmin = 2 Å can be obtained from MaNDi in a few days (Fig. 3.3.7.2-1). Our 
calculations indicate that similar amount of beam time will be required to obtain data of 
similar precision for ~1 mm3 normal protein crystals.  The counting times for a dmin = 1.5 
Å for the above systems will be an order of magnitude higher than that for dmin = 2.0 Å.   
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Figure 3.3.7.2-1.  Data collection times for MaNDi for 0.125 mm3 95% 
deuterated protein crystals with different unit cell dimensions. 
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3.4  Figures-of-Merit for MaNDi on SNS Beam Lines Viewing Different 
Moderators 

 
 In order to evaluate all possible moderator options for the MaNDi instrument at 
the SNS, Monte Carlo simulations and calculations of experiment beam times and 
performance were carried out for the four types of available moderators at the SNS 
(Table 3.3-1).  This treatment takes into consideration of the expectation that most of the 
crystalline samples will be deuterated and therefore background will not be primarily 
from incoherent scattering from hydrogen as in equation (23) above.  In the case of 
deuterated crystals, additional background contributions from both ordered and 
disordered water need to be included as discussed below.  
 
3.4.1 Definition of Figure-of-Merit for a Macromolecular Diffractometer  
  
 It is useful to evaluate a figure-of-merit, M, for each design choice. In the case of 
neutron protein crystal diffraction experiments, the figure of merit should be inversely 
proportional to experiment duration, Dexpt, for a given protein crystal of volume, Vs. In 
the regime where all background is intrinsic to the protein crystal Eqn. (24) is the 
simplest relationship that possesses the required properties. 
 
 1expt =DMVs  (24) 
 
 For the collection of a complete data set, which encompasses a hemisphere of 
reciprocal space out to resolution shell dmin of interest (typically dmin = 2 Å), the beam 
time required is  
 
 StD =expt  (25) 
 
where S is the number of different crystal orientation settings and t is the measurement 
time for a single crystal setting.  
 
 The number of crystal orientation settings, S, can be estimated from the usable 
detector coverage as it sweeps across the outermost reciprocal resolution shell with 
optimum instrument wavelength band, λmin to λmax. The usable detector coverage is the 
volume of reciprocal space where neighboring Bragg reflections are separated and is 
determined by the instrument resolution function and protein crystal unit cell symmetry 
and dimensions. For the analysis presented here, protein crystals will be assumed to be of 
primitive symmetry (no systematic absences) and cubic of unit cell dimension ac and 
volume vuc. 
 
 The measurement time for a single crystal setting, t, is dictated by the rate limiting 
component of the measurement. This, in the case of Laue single crystal time-of-flight 
technique at a pulsed spallation neutron source, is the measurement of Bragg reflections 
belonging to the outermost resolution shell with sufficient statistical precision. The Bragg 
reflections belonging to the inner resolution shells have, on average, greater intensity and 
therefore for a given measurement time will be determined to a higher precision than the 
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outer resolution shell reflections. Thus, the measurement time for a single crystal setting 
can be estimated by combining expressions for signal and background at the outer 
resolution shell together to form a statistical expression for counting precision.  
 
3.4.2 Intensity of Bragg Peaks 
 
 For the purpose of determining required measurement time for a single crystal 
setting, we can average over the nonsystematic variation of structure factors and use the 
following expression for average Bragg peak intensity  
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where Ipk  = integrated intensity for an average Bragg peak (n) 
 t  = duration of measurement (s), 
 φ(λ) = incident neutron flux at sample (n.cm-2.s-1.Å-1), 
 ε(λ) = detector efficiency, 
 κ  = conversion factor 1×1024 (cm2.bn-1), 
 Ns  = no. of unit cells in sample, 
 2θ  = Bragg angle for reflection, 
 vuc  = unit cell volume (Å3), 
 TDW  = temperature factor, 
 |Fhkl|2 = structure factor modulus of reflection hkl squared (bn), 
 nord = number of ordered atoms in a single protein crystal unit-cell
 ‹bj

2›  = mean coherent scattering length of atoms in ordered crystal  
   structure (bn) 

 τord  = ucj vbn 2
ord  

  = average ordered crystal structure scattering strength density  
   (bn.Å-3).  

 
 For a non-deuterated protein crystal with 35% of the solvent water molecules 
crystallographically ordered, τord = 0.0223 bn·Å-3 and similarly, for a fully deuterated 
protein crystal with D2O solvent, τord = 0.0358 bn·Å-3.   
 
3.4.3 Sample Background 
 
 Since, non-deuterated protein crystals require ~10 times more beam time than 
deuterated crystals it is rational to optimize MaNDi for deuterated crystals. The cost of 
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protein deuteration by exchange or special synthesis is insignificant when compared to 
the real cost of extended beam time required. This then necessitates a more detailed 
model of the intrinsic sample background, rather than assuming that all the background is 
simply due to the total incoherent scattering cross-section of the protein crystal as in 
Equation (23).  
 
 For estimating Bragg peak precision and consequently counting time required for 
a single orientation, t, it is the background intensity located beneath a Bragg peak, Bpk, 
which is decisive. This is given by multiplying the background per volume element by 
the normalized reciprocal volume, where the background includes contributions from 
ordered atoms, τord,  disordered atoms, τdis, and incoherent scattering from all atoms, τinc: 
 
  *pk vBnB =  

      [ ] *incdisorddiff
4 ' vs nTNt τττφεκλ ++=    (29) 

 
where nv* = the fraction of reciprocal volume that is used for integration (peak 

intensity and background) 
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In Equation (29), nv* will increase as peaks become broadened due to moderator pulse 
shape, incident beam divergence and crystal mosaicity. 
    
3.4.4 Estimated Performance and Comparison of MaNDi on SNS Beam Lines 

Viewing Different Moderators 
 
 The ultimate design, performance and scientific range of the MaNDi instrument 
will be intimately tied to the choice of SNS moderator. The Figure-of-Merit analysis and 
performance estimates presented here are to determine the optimum moderator for a 
MaNDi instrument and also yield a baseline estimate of performance (measurement time) 
and range of sample and unit cell sizes. The different moderator types and respective 
available beam lines compared here are those listed in Table 3.3-1. 
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Table 3.4.4-1. Protein crystal and beamline layout parameters used in the MC 
simulations. 
 
 values 
protein crystal  

mosaicity (FWHM, °) 0.2 
strain (FWHM, %) 0.1 
Biso (Å

2) 20.0 
diameter (mm) 1.0 

moderator (beamline) dec-H2 (11) cou-H2 (5) HR-H2O (8) 
HI-H2O (17) 

beamline layout high 
resolution 

medium 
intensity 

high 
resolution 

medium 
intensity 

high 
resolution 

medium 
intensity 

moderator-guide distance  (m) 6.0 6.0 6.0 6.0 6.0 6.0 
curved guide section (m) 12.0 12.0 12.0 12.0 0.0 0.0 
straight guide section (m) 3.0 4.5 54.0† 55.5† 15.0 16.5 
guide-sample distance (m) 3.0  1.5 3.0  1.5 3.0  1.5 
sample-detector distance (m) 0.5 0.5 0.5 0.5 0.5 0.5 

moderator-sample distance (m) 24.0 24.0 75.0 75.0 24.0 24.0 
Curved and straight guide sections are of 15 × 15 mm2 cross-section except † where straight guide section is 
of ballistic type (first and final 10 m are tapered, central ballistic section is of 25 × 25 mm2 cross-section). 
 

 Monte Carlo simulations 
for a MaNDi instrument located 
on the four available beamlines 
were performed using the 
IDEAS program. A summary of 
the protein crystal and beamline 
layout parameters for each of the 
instrument configurations simu-
lated is given in Table 3.4.4-1. 
Principally, the Monte Carlo 
resolution simulations for each 
possible instrument configura-
tion map the usable detector 
coverage (2θ range) as a func-
tion of unit cell parameter, a, 
and outer resolution shell 
parameter, dmin.  Such a map is 
shown in Figure 3.4.4-1 for the 
medium intensity guide system 
setting (see Table 3.4.4-1) for 
protein crystals ranging in unit-
cell parameter a = 75 – 200 Å and an outer resolution shell requirement for resolving 
Bragg peaks of dmin = 2 Å.  
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Figure 3.4.4-1. Minimum usable detector angle, 
2θ min, for resolvable Bragg peaks determined for 
MaNDi located on the comparison set of SNS 
beamlines. The Monte Carlo simulations were 
performed for outer resolution shell dmin = 2 Å. 
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 The medium intensity 
guide setting configuration is 
appropriate for a wide range of 
protein unit-cell volumes and is 
used here to compare the per-
formance of a MaNDi instru-
ment on each of the simulated 
beamlines. With the supermirror 
guide configuration set to me-
dium intensity mode the incident 
neutron divergence is Ωinc = 
0.565° × 0.565° for λ ≥ 2.0 Å 
and the respective neutron fluxes 
calculated for each beamline are 
shown in Figure 3.4.4-2.  A 
typical set of outer resolution 
shell Bragg peaks (dmin = 2 Å) 
revealing the transverse resolu-
tion is shown for detector 2θ = 
90° module and beamline-11 
MaNDi simulation in Figure 3.4.4-3. The spatial widths of the Bragg peaks, all ~ 7 mm, 
are very close to that estimated from convoluting the neutron incident divergence (FW = 
0.565°) with the crystal mosaicity (FW ~ 0.6°) and applying a sample-detector distance 
of 0.5 m, which yields an expected transverse peak width of 7.2 mm.   Using the 
approach described in the previous section, Figure-of-Merit values for fully deuterated 
protein crystals were determined for unit-cell size range, a = 100 – 150 Å; these are 
plotted in Figure 3.4.4-4 and stated also in Table 3.4.4-2. From inspection of Figure 
3.4.4-3 it is immediately apparent that the performance of a MaNDi instrument is greatly 
affected by the choice of beamline/moderator. Comparison between the Figure-of-Merit 
functions and their respective beamline fluxes (see Figure 3.4.4-2) shows that flux on 
sample is not the dominant factor driving the performance of a macromolecular 
diffractometer.    
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Figure 3.4.4-2. Neutron fluxes at sample for the 
comparison set of SNS beamlines with medium 
intensity guide configuration. 
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Figure 3.4.4-3. Simulated Bragg peaks at the detector plane calculated for SNS 
beamline-11 (decoupled-H2 moderator) for protein crystal with a = 150 Å. 
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Figure 3.4.4-4. Figure-of-Merit functions determined for fully deuterated protein 
crystals, dmin = 2 Å and MaNDi located on the comparison set of SNS beam lines with 
medium intensity guide configuration. 
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Table 3.4.4-2. Figure-of-Merit values and derived measurement time parameters S, t and 
Dexpt for fully deuterated protein crystal of volume 0.125 mm3 and MaNDi located on the 
comparison set of SNS beam lines with medium intensity guide configuration. 
 

  MaNDi (moderator, beam line) 
  dec-H2  

BL-11 
cou-H2  
BL-5 

HR-H2O  
BL-8 

HI-H2O  
BL-17 

M 10.88 13.79 3.24 5.19 
S 1.64 6.44 1.64 1.82 
t 0.45 0.09 1.51 0.85 a = 100 Å 

Dexpt 0.74 0.58 2.47 1.54 
M 6.84 2.17 1.61 2.58 
S 1.96 24.00 2.03 2.20 
t 1.17 0.30 4.78 2.75 a = 125 Å 

Dexpt 2.29 7.19 9.70 6.05 
M 6.20 1.21 1.41 2.25 
S 2.05 39.20 2.09 2.31 
t 1.39 0.37 5.98 3.39 a = 130 Å 

Dexpt 2.84 14.50 12.50 7.82 
M 4.14      - 0.86 1.36 
S 2.39      - 2.39 2.61 
t 2.73      - 13.10 7.60 a = 150 Å 

Dexpt 6.52      - 31.30 19.80 
       values in italics are derived by interpolation, see Figure 3.4.4-4. 

 

 With consideration to the biological community’s desire to reduce the required 
size of protein crystals for neutron diffraction, by setting Vs = 0.125 mm3 the time per 
crystal orientation and overall data collection time can be derived from the above 
determined Figure-of-Merit values (the number of crystal orientation settings, S, is 
independent of sample volume). The respective values are given in Table 3.4.4-2.  

 
 The calculated performance of each MaNDi instrument is best represented and 
assessed by a plot of estimated experiment duration versus protein unit-cell parameter; 
this is shown in Figure 3.4.4-5.  Clearly, the performance of a MaNDi instrument located 
on the decoupled cryogenic-H2 moderator beamline-11 is far superior to all the other 
candidate beamlines shown.  The difference in performance between the beamline 
choices is revealed by charting each detector band contribution, Mband, to the overall 
Figure-of-Merit, as shown in Figure 3.4.4-6 for a = 100 Å. Selecting a coupled 
cryogenic-H2 beamline-5 for MaNDi would lead to the quickest measurement times for a 
single orientation, as signified by the highest Mband/∆2θ line in Figure 3.4.4-6. However, 
this choice of moderator imposes broad Bragg peaks in time (poor longitudinal 
resolution) and reduced usable detector coverage. Consequently, the sum under the curve, 
which is the Figure-of-Merit, is not as high as might otherwise be expected. For the two 
beamlines 8 and 17 served by ambient-H2O moderators, the difference between their 
performances is determined almost exclusively by the much higher neutron flux of 
beamline-17. However, the peak in effective flux occurs around λ = 1.55 Å, and this is 
unfavorable to overall instrument performance in two ways. First, the effective flux peak 
at λ = 1.55 Å leads to a peak in the Mband/∆2θ function at 2θ ~ 50° and due to instrument 
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resolution boundary conditions (see Figure 3.4.4-2) only one side of this function 
contributes to the overall Figure-of-Merit, see Figure 3.4.4-6. Second, independent of 
neutron flux, the Mband values at the forward scattering angles, 2θ ~ 50°, are relatively 
low because of the high peak integration volumes, nv* approaches unity, and 
consequently much higher background integrated under the peaks (compared to 
respective Mband value at 2θ = 90° appropriate for the cryogenic-H2 moderators). 
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Figure 3.4.4-5. Estimated experiment durations as a function of protein unit-cell 
parameter for a fully deuterated protein crystal of volume 0.125 mm3, dmin = 2 Å and 
MaNDi located on the comparison set of SNS beam lines with medium intensity guide 
configuration. 
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Figure 3.4.4-6. Figure-of-Merit contributions from the individual bands of 
detector coverage 

 
 Fundamentally, the superior performance of MaNDi located on the decoupled 
cryogenic-H2 moderator beamline-11 is because this combination avoids the serious 
detrimental factors discussed above for the other beamline choices. With a peak in 
effective flux at λ ~ 3.1 Å for beamline-11, the Mband/∆2θ function is peaked close to the 
center of usable detector coverage, and consequently both sides of this peaked function 
contribute to the overall figure-of-merit. The large usable detector coverage results in the 
lowest number of different crystal orientation measurements required to complete a full 
hemisphere of data collection. Significantly, and differing from all the other candidate 
beamlines, the lower resolution boundary, 2θmin, for MaNDi on beamline-11 occurs away 
from the peak in the Mband/∆2θ  function, resulting in the lowest rise (gradient) in 
estimated experiment durations versus protein unit-cell parameter (see Figure 3.8.4-5).  

 
 It is of interest to compare the results in Figure 3.8.4-5 with those in Figure 
3.3.7.2-1, which is based on Equation (23).  For smaller unit cell crystals, the predicted 
experiment times are almost identical.  For crystals with larger unit cells, the experiment 
beam time is higher by a factor of 2 when all the background contributions are considered 
(Fig. 3.8.4-5).  However, the overall consistency of these results gives us confidence in 
their validity. 
 
 The results indicate that for both the coupled and decoupled moderators, experi-
ment duration times for small unit cells are on the order of a day or two.  For large unit 
cells, the decoupled moderator has a clear advantage since counting times can be a few 
days for the decoupled moderator versus a few weeks for the coupled moderator.  Thus it 
is clear that the decoupled hydrogen moderator is the best choice for the MaNDi 
instrument. 



 84

 

DEVELOPMENT OF METHODS AND FACILITIES TO SUPPORT NMC 
STUDIES 

4.1 Total Deuteration of Proteins 
 

Neutron protein crystallography provides a unique non-destructive tool that is 
able to probe the structure and dynamics of macromolecules and their complexes, 
providing important information on the position of hydrogen atoms that is often difficult 
– or impossible – to obtain by X-ray scattering alone. Hydrogen atoms and/or its 
deuterium isotope are readily located in a neutron analysis because the scattering 
amplitudes of hydrogen (-0.37 fm) and deuterium (+0.67 fm) are closely similar to those 
of other common biological atoms, carbon (+0.66 fm), nitrogen (+0.94 fm), oxygen 
(+0.58 fm) and sulfur (+0.28 fm). Hydrogen atom positions appear as characteristic 
negative density peaks in neutron density maps whilst the positive density at deuterium 
atom positions render these as visible as (and indistinguishable from) carbon atoms in 
neutron protein structures. The difference in amplitude and phase mean that hydrogen 
and deuterium atoms can be distinguished in neutron protein structures, even at medium 
resolutions of 2.0 Å, providing often unique information and insight into catalysis, 
protein-ligand interactions and the protein-solvent interface.  However, neutron 
diffraction analysis suffers from a large hydrogen incoherent scattering background that 
seriously reduces the signal to noise ratio of the data than can be collected and places 
limitations on sample size, data collection times, the interpretation of the data, and the 
quality of the final analysis.  

The major challenge confronting neutron protein crystallography is the 
requirement for often large sample sizes (> 1mm3) that are needed to compensate the 
relatively low flux of available neutron beams. This is further exacerbated by the large 
incoherent scattering background from hydrogen in the solvent and in the macromolecule 
itself, which ultimately limits the resolution of the data that can be obtained. The 
incoherent scattering cross-section of hydrogen for neutrons of 80.27 barns is 
anomalously large, especially when compared with the cross section of deuterium, which 
is just 2.07 barns, and of the other light atoms carbon (0.0 barns), nitrogen (0.49 barns) 
and oxygen (0.0 barns).  Replacing hydrogen with its deuterium isotope in biological 
systems thus greatly reduces the incoherent scattering background in these experiments 
and delivers better than an order of magnitude improvement in signal to noise.  

In neutron protein crystallography, these gains are realized by deuterating the 
sample, either partially, by soaking protein crystals in deuterated mother liquor, or more 
fully, by preparing fully deuterium labeled protein samples by using modern molecular 
biology techniques. It is relatively straightforward to replace H2O solvent by D2O in 
protein crystals and since the solvent content is rather large – typically 50-60% -  this 
exchange results in a significant decrease in the hydrogen incoherent scattering 
background of 2-3 fold. However, there is still a large problem arising from the hydrogen 
that is covalently bound to carbon atoms in the structure.   

These problems can be overcome by production of fully D-labeled protein. Full 
perdeuteration of protein crystals provides an order of magnitude improvement in signal 
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to noise over hydrogenated systems. This enables smaller crystals and larger unit cell 
problems to be tackled. Perdeuteration also enhances the visibility of deuterium atom and 
water positions in the resulting maps. In hydrogenous materials for example, cancellation 
between the negative scattering density of hydrogen atoms and the positive scattering 
densities of the atoms to which they are bound can reduce the visibility of important 
functional groups in medium resolution analyses. This contrasts strongly with the 
analysis of deuterium labeled materials, where the strong reinforcement of positive 
scattering density between deuterium and neighboring atoms can greatly enhance their 
visibility.  

These benefits have been demonstrated in experiments on perdeuterated 
myoglobin and on perdeuterated DNA.  In their work on deuterated myoglobin, Shu et al.  
(Shu et al., 2000) compare a density map based on X-ray data, in which hydrogen atoms 
are not visible, even at a resolution of 1.5 Å, with neutron density maps for hydrogenated 
protein, where hydrogen atoms can be seen but there are problems associated with 
cancellation of the negative density from hydrogen and positive density from the 
surrounding atoms, and finally with maps obtained from perdeuterated myoglobin, where 
deuterium and carbon positions are all clearly visible. 

Provision of perdeuterated protein crystals will provide order of magnitude gains 
in the signal/noise ratio of data collected on the MaNDi instrument.  This will allow data 
to be collected more rapidly from smaller crystals of larger and more complex biological 
systems. Together with improvements in instrumentation, isotope labeling will improve 
signal/noise ratios and reduce the size limitations that have complicated such applications 
in the past and will - in many cases - provide new, more sophisticated and more powerful 
approaches to complex problems in biology.   

4.1.1 Production of Deuterated Protein 

Perdeuterated protein is pro-
duced by endogenous expression of 
recombinant proteins in bacterial 
systems grown in D2O solution using 
deuterated carbon sources. The posi-
tions of deuterium atoms in proteins 
resulting from biosynthetic incorpo-
ration are shown in Figure 4.1.1-1. 
This can normally be achieved quite 
readily for recombinant protein over-
expression in systems that are well 
behaved in standard hydrogenated 
and H2O media, but may require ad-
ditional adaptation and development 
for systems where protein yields in 
hydrogenated media are atypically 
low (<< µg-mg/L). The usual steps 
in this process require first that com-
petent cells be adapted to growth in deuterated media. This can be achieved in several 

 
Figure 4.1.1-1.  Incorporation of deuterium in 
proteins via biosynthetic incorporation and 
deuterium exchange.
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ways, either by gradual step-wise increase in D2O concentration or, more directly, by 
plating cells on media of choice and selecting only those colonies that perform best for 
subsequent culture and inoculation. Scale up growth and expression is then typically 
performed in standard shaker flasks using either commercial or ‘home-grown’ rich media 
(derived, for example, from cell lysates produced from algae grown in D2O) or under 
more controlled conditions in defined minimal media. Cell grow is typically slower in 
deuterated media (< 5 times slower) and yields are correspondingly lower. Efforts at 
some central facilities have focused on developing methods for high cell density culture 
in fomenters that aim to improve yield and reduce costs. Once the target protein has been 
expressed, purification proceeds by the protocols developed for the hydrogenated protein. 
The deuteration levels of the final product are determined by mass spectrometry. 

Whilst it is known that deuteration and more general H/D- isotope exchange can 
have subtle effects on the physiochemical properties of proteins, the crystallization 
behavior of perdeuterated and hydrogenated proteins are normally very closely similar 
and crystallization conditions are readily re-optimized using minimal amounts of 
perdeuterated protein. A number of high resolution X-ray and studies have demonstrated 
that the H and D labeled proteins examined are structurally isomorphous.  

 

4.1.2 Deuteration Facilities for the Life Sciences 
 
The expertise and facilities required to produce these D-labeled materials 

typically resides in small specialized groups working independently (& in isolation) on 
individual problems and is often inaccessible to new or casual users.   This presents a 
significant “potential barrier” for new, occasional or latent users wishing to use neutron 
scattering techniques who lack the time, resources and/or expertise to produce labeled 
macromolecules. Providing users with the tools and facilities needed to produce 
deuterated material would enhance both the quality and quantity of neutron experiments 
that can be done at the MaNDi instrument at SNS (and for example at the PCS instrument 
at LANL) and would, in many cases, make feasible new and more powerful experiments 
than can presently be performed. The requirements for D-labeled materials are so 
fundamental that during the October 2003 MaNDi workshop, it was concluded that 
serious effort should be made to coordinate these activities and to explore possibilities for 
provision of central facilities and infrastructure for production of H-D labeled materials at 
SNS. 
 

A pilot phase Deuteration Laboratory will be developed at ORNL in 2004 that 
would provide user access to the expertise and facilities necessary to prepare specifically 
H/D-labeled biological macromolecules for ALL neutron scattering applications, 
including production of deuterated protein for MaNDi.  This facility will aim to:  
 

• Provide scale-up and support facilities for in vivo and in vitro production of 
perdeuterated proteins/nucleic acids and other labeled bio-molecules.  

• Optimize labeling strategies for readily expressed proteins and lead process 
development for the more difficult ones (e.g. labeled membrane proteins).  
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• Serve as a repository, maintainer and distributor of the expertise/systems and 
materials produced by the community. 

• Train researchers in application of these techniques 
 

This will provide user access to H/D-labeled materials that are precisely designed and 
tailored for even more demanding and innovative applications.  Critically, such a facility 
would create a “point of access” for the wider (latent) community of structural biologists 
who are non-expert neutron scatterers and would introduce and train a new generation of 
users in application of these powerful techniques. D-labeling would therefore  (i) increase 
throughput & efficiency and (ii) improve signal/noise & reduce size limitations (e.g. by 
>10 in diffraction) that have restricted the use of neutron protein crystallography in the 
past. Below is an example of a system under development by an IDT member who has 
successfully incorporated deuterium into an enzyme of important pharmaceutical interest. 

4.1.3 Perdeuteration of E. coli Chromosomal DHFR 
 

 Structures of enzyme-ligand complexes have been extremely useful in helping to 
elucidate catalytic mechanisms.  The contribution made by hydrogen atoms to biological 
function cannot be overstated.  For instance, invariably a hydrogen atom is required to 
facilitate catalysis.  Structural studies by neutron diffraction permit elucidation of H/D 
exchange, which in turn enables us to understand catalytic processes at the molecular 
level.  Here we plan to study important steps in the catalytic mechanism of the ubiquitous 
metabolic enzyme, dihydrofolate reductase (DHFR).  Chromosomal dihydrofolate 
reductase is important in one carbon metabolism and is an important target for drug 
design efforts.  Despite the many structural and kinetic studies of the E. coli DHFR 
mechanism, a crucial question concerns the protonation state of the conserved Asp27 
residue in the active site as well as the protonation state of the bound substrate, 
dihydrofolate (DHF) or inhibitors such as methotrexate (MTX).  pH profiles of the 
catalytic hydride transfer step indicate a pKa of 6.5 (Feirke et al., 1987).  Does this 
titration describe a perturbed pKa for Asp27?  Site-directed mutagenesis studies utilizing 
a D27S mutant indicated an approximately 3,000-fold decrease in catalytic efficiency at 
pH 7 (Howell et al., 1986).  As the pH was decreased to 5, catalytic efficiency was 
increased, suggesting that the D27S mutant bypassed the need for a proton donor by 
binding pre-protonated substrate, which becomes more available in solution as its pKa of 
2.59 is approached (Maharaj et al., 1990).  An alternate hypothesis, based on resonance 
Raman studies of wild type and D27S DHFRs, suggests DHF becomes protonated upon 
binding to wild-type DHFR but not D27S DHFR (Chen et al., 1994b).  These results 
suggest Asp27 helps facilitate altering the N5 pKa of DHF to 6.5 when bound to the 
enzyme.  In this scenario, the kinetic pKa of 6.5 describes the protonation state of bound 
substrate. 
 
 Currently we have been focusing on DHFR bound to MTX, an anti-cancer drug 
that is a competitive inhibitor of DHF.  We would also like to independently determine 
the protonation state of Asp27 in a ternary complex with folate and NADP+ using 
neutron diffraction.  This approach uses a folate NADP+ complex to mimic the 
productive ternary complex.  While we will be unable to determine the keto/enol 
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tautomer state of substrate, we should be able to determine the ionization state of Asp27.  
Although there exists NMR and X-ray crystallographic data on these complexes (Howell 
et al., 1986), neutron diffraction structures will help to accurately determine the true 
protonation states of the active site residues of DHFR, the catalytically important water 
molecules, and bound ligands at the reactive cleft of DHFR. 
 
 The biochemical protocols involving protein expression and purification have 
recently become available.  The DHFR-MTX complex crystals have been grown to a size 
of 0.3-1.0 mm3.  After H/D exchange for more than a month, these crystals were 
examined in neutron diffraction experiments at the ILL.  Data were observed to 2.5 Å 
resolution.  To obtain higher resolution data, we are also actively crystallizing 
perdeuterated DHFR in complex with the different ligands.  Crystals of the MTX 
complex with volumes of > 0.1 mm3 (a 1:10 reduction in volume relative to native 
crystals) have been produced.  Perdeuteration should dramatically improve the signal to 
noise in our data and help in determining the hydrogen positions in the protein.  Recently 
data were collected to 2.2 Å resolution using 0.14 mm3 crystals of aldose reductase 
(reported at the Higher Resolution Drug Design meeting, Bischenberg, France, May 
2004).  This experiment shows that neutron diffraction data can be collected on 
perdeuterated DHFR-MTX co-crystals that are 1/10th the volume of native crystals.  We 
are in the process of expanding perdeuterated cell growth to obtain sufficient amounts of 
protein for obtaining even larger perdeuterated crystals suitable for neutron diffraction 
experiments.  
 
4.2 Growth of Large Crystals for Neutron Macromolecular Crystallography 
 
 Due to the low flux available at the current sources neutron macromolecular 
crystallography requires large protein crystals with a volume > 2 mm3. Although the 
higher flux at MaNDi at SNS will enable data collection in a few days with smaller 
deuterated macromolecular crystals with a volume of 0.125 mm3, it will be desirable to 
have larger volume crystals for studies of larger complexes and/or high resolution.  A 
rational way to determine the proper condition to grow large single crystals is to first 
determine the complete crystallization phase diagram including solubility curve. 
Typically large single crystals are grown under the supersaturated phase close to the 
solubility curve (Arai et al., 2002). 
  
 In general, very slow undisturbed growth of crystals for several months, and large 
amounts of proteins, are considered to be necessary for growth of large single crystals.  
However, with the knowledge of the physical chemical parameters of the crystallization 
process, well-ordered large single crystals can be grown in shorter times.  
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 As an example, 
crystallization studies carried 
out on Photosystem I are de-
scribed below. The techniques 
described will in general be 
useful for most systems. This 
trimeric complex Photosystem 
I  with a molecular weight of 
1000 kDa is the largest and 
most complex membrane pro-
tein crystallized to date. Each 
monomeric unit contains 12 
proteins to which 127 cofactors 
are non-covalently bound.  
Figure 4.2-1 shows a simpli-
fied picture of Photosystem I.  
Only the backbone of the pro-
tein and head groups of the co-
factors are shown for clarity 
(Jordan et al., 2001). 
  
 The protein is crystal-
lized by dialysis against low ionic strength as described in (Fromme, 1998; Fromme, 
2003).  The space group is P63, with cell dimensions of a = b = 288 Å and c = 167 Å.  
The packing of PS I in the unit cell is shown in Figure 4.2-2.  The protein interactions in 
the unit cell are very weak, with a solvent content of 78%, and less than 2% of the protein 
surface is involved in crystal contact, i.e., only four salt bridges are involved in crystal 
contact.  

 
 
Figure 4.2-1.  Structure of Photosystem I at 2.5 Å 
resolution. 

  
Figure 4.2-2. Crystal packing of Photosystem I 
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 Crystallization under microgravity.  The first evidence for the possibility to grow 
large single crystals came from crystallization experiments under microgravity.  
Photosystem I was successfully crystallized at the USML-2 and the STS-95 mission 
under microgravity.  Crystals 1.5 mm in diameter and 4 mm long were grown under 
microgravity in two weeks.  These were 20 times larger than any that had previously 
obtained from Photosystem I on earth.  The crystals also showed an increased resolution 
and a decreased mosaic spread (Fromme, 1998; Klukas et al., 1999a; Klukas et al., 
1999b; Fromme, 2003).  Even if the microgravity environment is very favorable for the 
growth of large single crystals, the options for performing these experiments are limited 
by the flight opportunities and are very cost-intensive.  For this reason, new methods 
were developed to improve the size and quality of Photosystem I crystals grown on earth. 

 
 Growth of large single crystals for NMC by the use of seeding techniques. The 
determination of the phase diagram for the solubility of proteins enables growth of large 
single crystals by the combination of micro- and macroseeding techniques. Figure 4.2-3 
shows the schematic phase diagram of the solubility of Photosystem I as a function of salt 
concentration. 
 
1) In the first step, small PS I crystals (diameter ≈ 0.05 mm, length ≈ 0.1 mm) were 
grown by spontaneous nucleation.  The protein solution was brought into the nucleation 
zone either by decreasing the salt or increasing the protein concentration.  In this step, 
large amounts of small PS I crystals grow over night.  They are shown in Figure 4.2-3 
(bottom left). 
 

 
Figure 4.2-3. Schematic phase diagram of the solubility of Photosystem I as a 
function of salt concentration. 
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2) In the second step, the small PS I crystals were used for microseeding.  The protein 
solution was brought into the meta-stable zone by decreasing the salt concentration using 
microdialysis.  After one day of equilibration, 0.5 µl of a solution containing 5-20 
microcrystals was added and over a period of two days the salt concentration was further 
reduced by microdialysis to the final concentration.  In this step 10-20 medium size 
crystals (diameter ≈ 0.1, length ≈ 0.1-0.3 mm) grew within 2 days.  They are shown in 
Figure 4.2-3 (bottom, center). 
 
3.) The third crystallisation step uses the medium size crystals for macroseeding.  The salt 
concentration of the protein solution was slightly reduced to a concentration where the 
solution is still unsaturated but is close to the border of the saturation curve.  When the 
solution had been equilibrated for one day, one single crystal of medium size was added. 
Dialysis against lower salt concentration started immediately.  The crystal initially begins 
to dissolve.  The partial dissolving of the seeding crystal is essential to provide fresh 
rough surface planes for the further growth of the crystal.  Thereby secondary nucleation 
at the crystal surface is avoided.  As the salt concentration decreases, the solution 
becomes supersaturated and the crystal grows.  Using this procedure one large single 
crystal grows in the protein solution (80 mg/ml) within 2-3 days, using a volume of only 
5 µl.  Most frequently hexagonal needles of diameter 0.5 mm and length up to 3 mm are 
obtained.  Hexagonal plates also are observed, although these occur less frequently (one 
of these plates is shown in Figure 4.2-3 bottom right).  Crystals diffracting X-rays to 2.5 
Å resolution, grown using this seeding procedure, formed the basis for the high resolution 
X-ray (Jordan et al., 2001) and neutron diffraction experiments on Photosystem I. 

4.3 Low Temperature NMC 

4.3.1 Overview of Current Technology 
  
 The role of NMC will be to resolve the positions of hydrogen atoms at the active 
sites, the protonation states of certain moieties and the locations of bound water 
molecules. The pioneering work of Wlodawer and Hendrickson (Wlodawer & 
Hendrickson, 1982) clearly demonstrated that the simultaneous refinement of the data 
from NMC and X-ray macromolecular crystallography (XMC) results in more 
information content than either type of data alone.  The complementarity of XMC and 
NMC has been exploited in several studies including bovine pancreas trypsin inhibitor 
(Wlodawer et al., 1984), ribonuclease A:uridine vanadate complex (Borah et al., 1985), 
and insulin (Wlodawer et al., 1989). Recent studies by Helliwell's group (Deacon et al., 
1997; Habash et al., 2000) on the sugar binding protein concanavalin A have clearly 
shown the power of using both NMC and UHRMXC (Deacon et al., 1997) in resolving 
more bound water molecules than with UHRMXC alone. For instance, the NMC study of 
concanavalin A (Habash et al., 2000) revealed the positions of over 62 bound D2O 
molecules when compared to only 12 H2O molecules by UHRXMC.   
 
 The expansion of opportunities with MaNDi will bring a concomitant demand for 
low temperature NMC studies.  Experiments currently underway have shown the 
feasibility of low temperature studies, enabling NMC practitioners to more directly utilize 
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the low-temperature XMC structures as a basis for neutron structure refinement, and to 
derive the many benefits seen in low temperature X-ray studies, including greatly 
improved diffraction patterns, and the ability to do freeze trapping of reaction 
intermediates.  .   
 
 In XMC, low temperature studies (understood to be those where crystals are 
cooled cryogenically, to lock and preserve the solvent in an amorphous state, usually at or 
below 100K) have lead to improved diffraction from well-ordered crystals.  This is a 
direct consequence of the decrease in the atomic thermal parameters.  Because of 
improved diffraction resolution, and extended lifetime from reduced free radical 
migration following exposure to ionizing radiation, low temperature data measurement 
has become a standard procedure for XMC.  Whilst thermal neutrons do not cause 
observable damage to macromolecular crystals, comparable improvements in diffraction 
quality would mean that measurements may be obtained with smaller crystals, or 
alternatively higher resolution may be achieved with crystals of comparable size than 
otherwise would be possible at room temperature.   
 
 The unit cell parameters from the X-ray diffraction data are used to reduce and 
refine the neutron diffraction data, and the molecular coordinates are used for initial 
model building and structural refinement.   In order to optimally utilize the neutron 
diffraction data an X-ray data set collected under similar conditions is desirable, 
especially since this provides the most reliable structure as a starting model in refinement.  
A number of very large crystals (> 1 mm3) have been successfully cooled and maintained 
cryogenically at 12 K with a combination of liquid nitrogen plunge and DISPLEX 
refrigerator in Grenoble at the ILL LADI beam line.  These 20+ crystals from four 
different proteins have been reliably diffracting to between 1.6 and 2.5 Å resolution.  If 
the opportunity exists it should be possible to follow a strategy pioneered at ILL and do 
XMC on the same crystal after neutron data measurement is complete, thus affording an 
opportunity to use both X-ray and neutron diffraction to determine the structure, 
providing more reliable structural information.   
 
 As stated elsewhere, neutron diffraction instruments have been and will most 
likely continue to be oversubscribed even after MaNDi is built.  As more successful 
neutron experiments are reported, and the power of neutron diffraction is better 
understood, this strain on resources is likely to result in an increase in the lag time 
between crystal growth and data collection.  To minimize the effects of limited timely 
access to diffraction instrumentation, low temperature storage of crystals can be an option 
so that crystals can still be harvested at their peak size and quality.  Although most 
protein crystals are sufficiently robust to survive the extended data measurement times 
associated with NMC, in some cases complete data sets have been unobtainable due to 
crystal dissolution during data collection, e.g. in the case of hemoglobin.  Low 
temperature storage and data measurement would make this moot for even the most 
sensitive crystals.   
 
 Low temperature NMC studies are expected to have high impact.  Contributions 
to mechanistic understanding and reaction intermediate structure will be a natural 
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consequence from low temperature NMC, possibly to an even greater extent than has 
been possible with XMC, since neutrons can image hydrogen so much more efficiently.  
Freeze-trapping studies with neutrons become possible with low temperature data 
measurement.  Important early studies already underway seek comparison of water 
positions and water structure at room and low temperatures, to gain a better 
understanding of how low temperature structures and conditions may differ from 
structures and conditions more close to physiological.  The neutron mechanistic studies 
could examine proton transfer; dynamics of H/D exchange, and aspects of the solvent 
structure surround the protein.   
 
 Currently low temperature NMC serves primarily as an adjunct to other research 
objectives.  As mentioned, promising methodologies are under development to reliably 
bring large crystals to cryogenic temperatures.  Additional work is needed on 
reproducible flash cooling protocols for large crystals with higher solvent contents and 
solvent channel sizes that will preserve low crystal mosaicity and avoid the formation of 
ice within the crystal lattice.  Aspects of this research will include determining the most 
efficient mechanisms (cryogens, cryogen temperatures, and crystal cooling protocols) for 
reducing the crystal temperature to vitrify solvent without disrupting the lattice.  One 
feature that will ease issues of flash-cooling large crystals is the use of perdeuterated 
proteins, since this will significantly lower the required crystal volume.  Recently a 0.14 
mm3 perdeuterated protein crystal was sufficient for full data collection at the ILL LADI 
instrument.  This is well within limits for standard XMC flash-cooling protocols.   
 

4.3.2 Low temperature Freezing of Large Macromolecular Crystals for Neutron 
Diffraction 

 
 The majority of NMC data sets obtained to date have been collected at room 
temperature, because the freezing of large single crystals has been considered to be a 
serious challenge.  In freezing of large single crystals for neutron diffraction, there are 
two parameters that are important to consider:  1) the stabilization of the crystals in the 
cryo-solution, and 2) the speed of freezing. 
 
1)   In large single crystals, the diffusion of the cryo-protectant into the protein crystal is 
an important factor that must be taken into account.  Experiments with large Photosystem 
I crystals (> 1 mm), frozen for EPR and X-ray experiments (Brettel et al., 1992; 
Kamlowski et al., 1997a; Jordan et al., 2001), have shown that these can be successfully 
handled.  However, at least one hour is required for the solvent cavities inside the crystal 
to be equilibrated with the cryo-protectant.  Photosystem I possesses a high solvent 
content of 78% and diffusion occurs via large pores.  Crystals with lower solvent content 
may show an even slower diffusion rate and may therefore require an even longer time 
for full equilibration.  Another important point is that mechanical stress must be limited 
by reducing the rate of change in the concentration of the cryo-protectant inside the 
crystal.  This can ideally be achieved by growing the crystals in the presence of cryo-
protectant.  Alternatively, crystals can be brought into the cryo-protectant solution by 
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means of stepwise increase of the cryo-protectant concentration or dialysis against the 
cryo-protectant solution. 
 
2)   The speed of the freezing process is also very critical for large single crystals.  The 
use of liquid propane as a refrigerant can increase the velocity of freezing.  Propane has a 
much higher thermal conductivity than air or liquid nitrogen, because propane does not 
show the "Leidenforst phenomena'' (Chandra & Aziz, 1994).  The heat-transfer 
coefficients of liquid nitrogen and liquid propane differ by a factor of 30 (Serp et al., 
2002). 
 
 The procedure to freeze large single crystals in liquid propane is now described 
briefly.  We were able to freeze Photosystem I crystals of > 1 mm size for EPR and 
ENDOR experiments using this procedure (Brettel et al., 1992; Brettel, 1997; Kamlowski 
et al., 1997a; Kamlowski et al., 1997b; Kamlowski et al., 1998). 
 
 Pure propane gas (99.9999%) is liquefied by cooling in a gas-trap down to liquid 
nitrogen temperatures.  Cryo vials (Hampton research) are filled with liquid propane and 
stored in liquid nitrogen.  The crystals are mounted in large cryo-loops made either of 
nylon or hair.  The mounted crystals are immediately flash frozen in propane and stored 
until the propane solidifies.  In this way, a cylinder of solid propane surrounds the 
crystals and also prevents the crystal droplet from falling out of the loop for transport.  
The transport from the storage container into the cryo stream at the neutron beamline is 
also easily achieved, because the propane cylinder prevents the melting of the crystal 
during transfer. 
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CONCLUSIONS 
 
 Neutron Macromolecular Crystallography (NMC) is able to accurately determine 
proton locations, protonation states and hydration, and hydrogen/deuterium exchange in 
macromolecular crystals even at a moderate resolution (2 Å to 2.5 Å).  In order to exploit 
the high neutron flux that will become available beginning in 2006 at the Spallation 
Neutron Source (SNS), it is proposed to develop a dedicated best-in-class high 
throughput and high resolution time-of-flight single crystal macromolecular neutron 
diffractometer (MaNDi) at the SNS.  MaNDi is being designed to be able to collect a full 
hemisphere of Bragg data with a resolution of 1.5 to 2 Å on a crystal with a lattice 
constant up to 150 Å in a few days.  A thorough evaluation of the instrument 
performance at different moderators using analytical equations and Monte-Carlo 
simulations show that the decoupled hydrogen moderator at SNS would be the best 
choice for MaNDi.  State-of-the-art neutron guides and optics will be used for efficient 
beam transport and optimization of collimation at the sample.  To reduce the radiation 
damage and the instrument background, a curved guide will be used to steer the beam 
gently so that the crystal will be out of line of sight of the moderator.  The high 
throughput is accomplished by the use of a wide bandwidth of cold neutrons (1.8 Å < λ < 
4.5 Å) sorted by time-of-flight and by an array of high resolution position-sensitive area 
detectors covering a large solid angle.  It is expected that the unprecedented high data 
rates and resolution with MaNDi for the high resolution NMC will open up new avenues 
and greatly advance the field of structural biology. 
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