
Abstract. Neutron diffraction provides an experimental
method of directly locating hydrogen atoms in proteins, a
technique complimentary to ultra-high-resolution [1, 2]
X-ray diffraction. Three different types of neutron dif-
fractometers for biological macromolecules have been
constructed in Japan, France and the United States, and
they have been used to determine the crystal structures of
proteins up to resolution limits of 1.5–2.5 Å. Results re-
lating to hydrogen positions and hydration patterns in
proteins have been obtained from these studies. Examples
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include the geometrical details of hydrogen bonds, H/D
exchange in proteins and oligonucleotides, the role of hy-
drogen atoms in enzymatic activity and thermostability,
and the dynamical behavior of hydration structures, all of
which have been extracted from these structural results
and reviewed. Other techniques, such as the growth of
large single crystals, the preparation of fully deuterated
proteins, the use of cryogenic techniques, and a data base
of hydrogen and hydration in proteins, will be described.

Key words. hydrogen; hydration; hydrogen bond; H/D exchange; protonation and deprotonation; neutron diffraction;
protein crystallization.

Introduction

The three-dimensional structure determinations of bio-
logical macromolecules such as proteins and nucleic
acids by X-ray crystallography have improved our under-
standing of many important life processes. In many cases,
these results have clearly suggested that hydrogen atoms
and water molecules around proteins and nucleic acids
could play a crucial role in many physiological functions.
However, since it is very hard to determine the positions
of hydrogen atoms in protein molecules using X-rays

alone, a detailed discussion of protonation and hydration
sites often involves some guesswork. In contrast, it is well
known that neutron diffraction provides an experimental
method of directly locating hydrogen atoms, but unfortu-
nately, to date, there are relatively few examples of bio-
logical systems studied by single-crystal neutron crys-
tallography since the collection of a sufficient number
of Bragg reflections is a time-consuming process. And,
perhaps more important, the requirement of large single
crystals (with volumes in the range of 1–10 mm3) has
been a serious limitation.
Breakthrough technical events in the neutron macromol-
ecular field have been the development of the neutron
imaging plate (NIP) [3–5], the adoption of Laue methods* Corresponding author.
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at reactor sources [6] and most recently the LANSCE
time-of-flight electronic detector for neutron protein
crystallography [8, 9]. Thus these three technical devel-
opments have allowed exploration of the main frontiers of
the capability of neutron protein crystallography: namely,
the time needed to measure data, the diffraction resolu-
tion reached and the molecular weight ceiling reachable. 
Unfortunately, neutron protein crystallography still re-
mains to this day a severely limited technique, but hope-
fully things will improve substantially in the coming fu-
ture. The current development of ‘next-generation’ spal-
lation neutron sources, such as the J-PARC (Japanese
Proton Accelerator Research Complex) in Japan and the
SNS (Spallation Neutron Source) in the USA, as well as
new developments at existing sources i.e. LADI3 at the
ILL and the proposed LMX++ at the ISIS TS2 (target sta-
tion 2), will enable several more powerful protein crys-
tallographic instruments to be installed. In these new
spallation sources, a gain in neutron intensity of almost
two orders of magnitude is expected. At that point, the use
of neutron diffraction is expected to greatly expand the
field of structural biology, and this topic will also be
briefly discussed at the end of this article. 
The general subject of neutron protein crystallography has
been reviewed earlier by several authors [10–21]. Also of
potential interest to readers are articles describing the syn-
ergy and complementarity between neutron diffraction and
ultra-high-resolution X-ray diffraction [2, 21, 22]. In this
paper, we will summarize selected results regarding hydro-
gen positions and hydration in proteins, obtained using the
two BIX-type diffractometers in JAERI. Also included
later in this review will be brief descriptions of recent re-
sults of the two other macromolecular neutron diffrac-
tometers that are being used today, LADI at ILL (Greno-
ble) [23] and PCS at LANSCE (Los Alamos) [24–26].

Instruments

BIX-type diffractometers (BIX-3, BIX-4)
After developing a novel practical neutron monochroma-
tor (a set of elastically bent perfect Si plates) and an orig-
inal neutron detector (a gadolinium-doped neutron imag-
ing plate), two BIX-type diffractometers (BIX-3 and
BIX-4) dedicated for protein crystallography were con-
structed at JAERI, which were both effectively equipped
with these two essential features [3–5]. The most charac-
teristic and novel design of BIX-3 is the vertical arrange-
ment of the main components of the diffractometer. This
enables one to realize a compact design, and conse-
quently a higher flux of neutrons is obtained because of
the close proximity of the sample to the monochromator.
Data are collected using a step-scan mode (typically
0.3°), with each exposure lasting between 30–60 min, and
a total of 500–1000 of such frames are required for a typ-

ical data set [27]. A second machine, BIX-4, was con-
structed with a few additional improvements, but in prin-
ciple it is nearly the same as BIX-3 [28].

Laue Diffractometer, LADI
The LADI diffractometer at the Institute Laue-Langevin
(ILL) in Grenoble, France uses a Laue geometry and a
broad spectral range to maximize the neutron flux on the
sample [7, 23]. It effectively uses a very large number of
reflections with a distribution of wavelengths, typically in
the 3–4 Å range, which also substantially increases the
crystal sample scattering efficiency to resolutions over
1.5 Å, selected via a Ni/Ti multilayer wavelength filter.
Diffraction data are collected over a large solid angle by
a cylindrical neutron imaging plate that completely sur-
rounds the sample. Results from the LADI instrument
have recently been reviewed by Meilleur et al. [20] and by
Blakeley et al [21].

PCS Diffractometer at the LANSCE Pulsed 
Neutron Source
The PCS (Protein Crystallographic Station) diffractome-
ter [24–26] located at the LANSCE neutron spallation
source in Los Alamos National Laboratory (New Mexico,
USA) is unique in that it is the first instrument designed
to use a pulsed neutron source for macromolecular crys-
tallography. Earlier single-crystal instruments that had
been built for pulsed neutron beams include the SCD dif-
fractometer at IPNS (Argonne, USA) [29] and the SXD
diffractometer at ISIS (Didcot, UK) [30, 31], but those
were optimized for much smaller unit cells associated
with conventional (small-molecule) crystallography. The
PCS instrument uses neutron pulses from a partially cou-
pled moderator, and is equipped with a cylindrical 

3
He

gas detector of height 200 mm and an angular span of
120°. Results from the PCS instrument, which became
operational in 2004, will be included in this review.

Comparison of existing instruments
As might be expected, each of the existing instruments
has its advantages and disadvantages. It is probably fair to
say that the PCS diffractometer at Los Alamos produces
the data of the highest precision because of the low back-
ground level associated with its detector. But the disad-
vantage of that instrument is its low solid-angle coverage
compared with the other two instruments, a feature which
would require many more crystal settings and frames to
collect a complete data set compared with LADI and the
BIX machines. The LADI instrument located at the ILL
is a faster diffractometer by a factor of 3–5 but the higher
background level is a disadvantage. Finally, the BIX-3
and BIX-4 instruments at JAERI have produced the high-
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est resolution (1.5 Å) neutron data sets thus far [32], but
complete data collection times are relatively long (one or
two months). Different variants of rubredoxin crystals
have been collected on all three machines, and the reso-
lution limits obtained are as follows: 1.5–1.6 Å at JAERI
[32, 33], 2.1 Å at LANSCE [34] and 1.7 Å (at a tempera-
ture of 15 K) at LADI [20].

Crystal growth

Crystallization phase diagrams
One major disadvantage of neutron macromolecular
crystallography is that large crystals are needed: cur-
rently, the volume of samples studied are normally larger
than 1 mm3. Usually such a large single crystal is diffi-
cult to grow. However, we have found that one rational
way to find the proper conditions to grow large single

crystals is to establish a detailed crystallization phase di-
agram. Figure 1a shows a typical protein crystallization
phase diagram, where Cp and Cc are the protein and pre-
cipitant concentrations, respectively. The phase diagram
is classified into three regions: unsaturated, meta-stable
and supersaturated regions. Generally speaking, a large
single crystal can be grown under supersaturated condi-
tions close to the solubility boundary (the curved solid
line in fig. 1a). Using a systematic way of evaluating the
quality of crystals grown at various points in such a
phase diagram, we have successfully grown large single
crystals of three macromolecular samples: (i) cubic
porcine insulin, (ii) dissimilatory sulfite reductase D and
(iii) a DNA oligomer; all of which were successfully
used in neutron protein data collection [35–37]. We have
also applied a ‘relative Wilson plot’ method, involving
quick X-ray data collections on selected crystalline sam-
ples, to evaluate the quality of crystals prior to neutron
data collection [38]. 

Systematic control of protein solution volume 
in a crystallization experiment
In the normal dialysis method for growing crystals, the
precipitant concentration is variable, but the protein con-
centration is kept constant. We have developed an appa-
ratus in which the protein volume can be systematically
varied (see fig. 1b). In this device, the protein solution
(labelled ‘Cp’ in fig. 1b) is separated from the precipitant
solution by a dialysis membrane. The important feature is
that the volume of the protein solution can be accurately
controlled by a syringe [Y. Ohnishi et al. unpublished]. In
this new dialysis method, any combination of protein and
precipitant concentrations can be surveyed in a system-
atic manner, for example via the pathway shown in fig-
ure 1c. Another significant advantage of our apparatus is
that the total quantity of protein remains the same as the
initial amount originally in the cell, and thus the entire
phase diagram (fig. 1c) can in principle be mapped out
with a very limited amount of sample material. 

Other techniques for sample preparation

Deuteration
The current requirement of large single crystals of pro-
tein (over 1 mm3) can be substantially reduced if the sam-
ple is totally deuterated. At present, most single-crystal
neutron analyses are carried out with partially deuterated
samples, in which a protein crystal is either soaked in a
D2O-containing solution after being formed, or the pro-
tein is dissolved in a D2O-containing solution prior to
crystallization. In either case, the procedure results in a
sample in which D has replaced H in almost all of the O-
H bonds, most of the N-H bonds but almost none of the
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Figure 1. (a) A typical protein crystallization phase diagram. (b)
Schematic drawing of an aparatus to control both Cp (protein con-
centration) and Cc (precipitant concentration) in a phase diagram.
The novel feature here is that the volume of the protein solution can
be accurately controlled. (c) One typical example of a pathway to
determine the boundaries (solid and dotted curved lines) of a phase
diagram.



C-H bonds. The resulting partially deuterated crystal still
retains a portion of the extremely large neutron incoher-
ent scattering cross-section of hydrogen (~80 barns),
which contributes to an undesirably large background to
the diffraction data. In contrast, the corresponding inco-
herent scattering cross section for deuterium is much
smaller (~2 barns), and complete deuteration would in
principle offer as much as a 40-fold reduction in the
background [39]. Indeed, this was accomplished not too
long ago by Shu et al. [40], who reported the first neutron
diffraction analysis of a fully deuterated protein, myoglo-
bin. Complete deuteration can be accomplished by pro-
ducing the target protein in a microbial expression system
which has been adapted to growth in heavy water (D2O)
solutions and fed with deuterated carbon sources [39,
40]. Facilities for the preparation and crystallisation of
fully deuterated proteins are currently available at the
ILL-EMBL Deuteration Laboratory in Grenoble, France
(http://whisky.ill.fr/YellowBook/deuteration). In addition,
an important development is that similar deuteration fa-
cilities have also been recently established at Los Alamos
[41] and are being planned for Oak Ridge [42]. A dramatic
example of the beneficial effects of complete deuteration
is the recent successful neutron analysis of a perdeuter-
ated single crystal of aldose reductase having a volume of
only 0.15 mm3 [21]!

Neutron crystallography 
at cryogenic temperatures (~15 K)
The flash-freezing of protein crystals to liquid nitrogen
temperatures (77 K) to minimize radiation-induced dam-
age is now routine in X-ray crystallography [43]. Other
advantages of this technique is that it often extends the dif-
fraction limit to higher resolutions and produces a better-
ordered structure. Unfortunately, it turns out that this pro-
cedure, while easily accomplished for the smaller crystals
used in X-ray analysis, is much more difficult for the
larger protein crystals used for neutron diffraction because
larger crystals tend to crack more easily. Nevertheless, re-
searchers at LADI have developed a procedure [20, 21] to
cool and maintain large protein crystals at extremely low
cryogenic temperatures (<15 K) and this instrument is
now providing neutron diffraction data to high resolution
(~1.5–2.5 Å). The basic idea of this technique is that the
solvent must be rapidly flash-cooled to a vitreous glass in
order to avoid ice formation that would disrupt or interfere
with diffraction. In the LADI procedure, recently re-
viewed by Hansen [43a], the crystals are mounted in ny-
lon loops and first flash-cooled to 77 K by plunging the
sample directly into liquid nitrogen, and then in a second
step the crystal is transferred, while still under liquid ni-
trogen, onto the cold head of a displex cryostat and further
cooled to 15 K. Preliminary analysis of the refined 15 K
structure of triclinic lysozyme, as compared with an ear-

lier structure determination at 293 K [44], shows that the
thermal motion of the protein is significantly reduced at
the lower temperature, with a significant reduction in the
overall protein B factor from 13.6 Å2 to 8.6 Å2 for the 293
K and 15 K structures, respectively [F. Meilleur et al., un-
published]. The LADI cryogenic procedure has also been
applied successfully to crystals of rubredoxin (volume
1.4 mm3) [20], aldose reductase (volume 0.15 mm3) [21]
and concanavalin A (volumes 1.6 and 5.6 mm3) [45]. In
the latter case it was even possible to identify full water
molecules in the second and third hydration shells away
from the protein surface, a feat which is usually unattain-
able via room-temperature neutron diffraction analysis.

Hydrogen and Hydration in Proteins Data Base

The results from neutron protein crystallography have
been accumulating significantly in recent years, and we
have realized that it is becoming increasingly important
to deposit this information in a publicly accessible site so
that the data can be retrieved more efficiently. We have
created a ‘Hydrogen and Hydration in Proteins’ Data
Base (HHDB) that catalogs all H atom positions in bio-
logical macromolecules and in hydration water molecules
that have been determined thus far by neutron macro-
molecular crystallography [N. Niimura N. et al., unpub-
lished]. This allows important structural information such
as the geometry of H bonds to be abstracted and catego-
rized for the first time in the field of structural biology. 
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Figure 2. Schematic statistics of hydrogen bonds. Acceptor posi-
tions (Y) are searched and plotted in the first zone. In this example,
H bond lengths are defined by X…Y values less than 2.7, 2.6 and
3.1 Å for the acceptor atoms N, O and S, respectively; and H bond
angles are defined to be the supplement of 180 degrees. Note the
very surprising result that in proteins there are very few acceptor
atoms which form truly co-linear X-H–Y hydrogen bonds, in con-
trast to the situation in small inorganic and organic compounds in
which linear H bonds are quite common (see text for a further dis-
cussion of this point). 



The HHDB provides us with a graphic interface for visu-
alizing all types of interactions involving H atoms, such
as hydrogen bonds (defined by X–H...Y, where X is a hy-
drogen donor and Y is a hydrogen acceptor). For example,
one type of plot (fig. 2) allows the user to visualize the
distribution of the acceptor atoms (Y) as a function of
H–Y distance and the supplementary X–H…Y angle
(180° minus the actual angle). From these results, it is
very surprising that in proteins there are very few accep-
tor atoms which form truly colinear X-H–Y hydrogen
bonds, in contrast to the situation in small inorganic and
organic compounds in which linear H bonds are quite
common. The strengths of H bonds obtained in X-ray
protein crystallography have often been assigned using
the X–Y length as a criterion, but in our opinion, this as-
sumption is very risky because this plot suggests that the
usual argument that X-H–Y hydrogen bonds are approxi-
mately linear in proteins may not be valid.
The HHDB depository has been developed by coopera-

tion between the Japan Science and Technology Agency
(JST) and the Japan Atomic Energy Research Institute
(JAERI) under a data base project funded by the JST. It
is available via the website http://hhdb.tokai.jaeri.go.jp/
HHDB/. From the HHDB, we have provided an Internet
link to the Protein Data Bank (PDB), and the protein code
and the nomenclature used in both databases are the same.

Results

Positions of hydrogen atoms in macromolecules
In JAERI, we have already analyzed the neutron struc-
tures of several proteins and two DNA oligomers: myo-
globin [46], rubredoxin [32], a rubredoxin mutant [33],
hen-egg-white lysozyme [6, 47], human lysozyme [K.
Chiba-Kamosida, et al. unpublished], insulin [37], dis-
similatory sulfite reductase D [36], and oligomers of B-
DNA [48] and Z-DNA [49]. For example, consider the
Asn21 residue of a rubredoxin variant [33], whose neu-
tron and X-ray structures were determined at 1.6 and
1.5 Å resolutions, respectively. The amide side chain
(CONH2) of this residue is completely visible in the neu-
tron map (fig. 3b), which also shows the NH2 group be-
ing fully deuterated. In contrast, the two D atoms are
completely missing in the X-ray map at a similar resolu-
tion (fig. 3a). In fact, the X-ray map shows a fairly sym-
metrical Y-shaped feature, meaning that it is very difficult
in an X-ray analysis to distinguish the NH2/ND2 group
from the O atom in an amide group because of the ‘near-
invisibility’of H atoms to X-rays (fig. 3a). In contrast, the
neutron scattering length of a D atom is comparable to
those of other non-hydrogen atoms, and thus the contour
levels of an ND2 group are about three times larger than
those of an O atom (fig. 3b). In the rubredoxin mutant,
96% of H atoms have contours more negative than the

–1.0 s level, while all D atoms have positive contours
higher than 1.5 s, which means that practically all of the
H and D atoms of the protein were directly observable at
that resolution (1.6 Å). Even for neutron experiments car-
ried out at medium resolution, most of the H/D atoms can
be found. For example, in the neutron analysis of the pro-
tein DsrD, carried out at 2.7 Å resolution, about 60% of
the H/D atoms of the molecule could be located [36].

Hydrogen Bonds

General comments
Hydrogen bonds clearly play important roles in countless
biological processes. The strengths of hydrogen bonds are
intermediate between those of covalent bonds and van der
Waals forces: they are directional and form different
types of networks under various conditions. Along with
other investigators, Baker and Hubbard have extensively
discussed H bonds in globular proteins, using hydrogen
atom positions calculated using the atomic coordinates
derived from high-resolution protein X-ray data [50]. It
was pointed out that while most of the H positions in a
protein can be reliably predicted (for example, those of C-
H bonds), H positions could not be uniquely defined for
most O-H, N-H and S-H bonds, such as those in Ser, Thr,
Tyr, Lys, Cys, Asn, Gln, Asp, Glu, His and Arg side
chains. And these are often the most interesting protons
as far as chemical reactivity is concerned. In their con-
clusion, Baker and Hubbard stressed the necessity of
high-resolution neutron diffraction studies. In this article
we will discuss several examples in which this has been
achieved through single-crystal neutron work, both from
our labs and also those of other groups. 

Bifurcated hydrogen bonds
In our studies of several small proteins, we have found
that in most cases the hydrogen bonds between backbone
C=O and N-H groups assume normal positions, such as
that shown in figure 4 from an a-helix of myoglobin
[46]. However, we have also found a few exceptions,
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Figure 3. The 2|Fo|–|Fc| X-ray electron density map around the
Asn21 residue of a mutant of rubredoxin (a), composed with the
neutron density map of the corresponding residue (b). Note that in
the X-ray map on the left, the contours themselves do not easily dis-
tinguish the ND2 group from the O atom, while in the neutron map
on the right the difference is very obvious.



such as bifurcated hydrogen bonds, one of which (also
from myoglobin) is illustrated in figure 5. The occur-
rence of bifurcated hydrogen bonds in the a-helices of
proteins had been proposed earlier, based on hydrogen
atom positions calculated from the C, N and O coordi-
nates from high-resolution X-ray data [51]. However, we
feel that it is somewhat risky to discuss the detailed
structure of hydrogen bonds based solely on those pre-
dictions, because often certain assumptions are made
which may not be strictly true (such as the expectation
that the CONH unit is perfectly planar). Indeed, we have
found in our neutron studies that O-C-N-H torsion an-
gles show deviations up to 15° from planarity, with a
standard deviation of 6.3°. We suggest, therefore, that
hydrogen bonds in a-helices cannot be described by a
simple model, owing to complications such as bifurcated
hydrogen bonds, which are often found near the ends of
the helices.

H/D Exchange

Correlation of H/D exchange ratios 
with NMR results
As mentioned above, in most neutron experiments, in or-
der to reduce background scattering from H atoms (which
have a large incoherent scattering cross section), protein
solutions are either subjected to H2O/D2O exchange prior
to crystallization, or crystals are soaked in D2O after crys-
tallization from H2O solution. This allows D atoms to be
substituted for many of the H atoms, not only in the sol-
vent water molecules, but also at sites containing ‘ex-
changeable’ hydrogen atoms (mostly H atoms of N-H and
O-H bonds exposed to the solvent). 
Nevertheless, some potentially exchangeable sites resist
deuteration and remain hydrogenated. Figure 6a shows
the region around some of the backbone N-H bonds of
wild-type rubredoxin [32]: negative densities (red peaks)
can be clearly seen at the H-containing sites, while posi-
tive densities (blue) are visible at the D-containing sites.
Presumably, the N-H groups that have not been deuter-
ated have resisted H/D exchange because of their poor
solvent accessibility. Similar results have been observed
in myoglobin [46] and in a rubredoxin mutant [33].
In the case of rubredoxin [32, 33], we have found that the
H/D exchange ratio measurements from neutron data are
roughly comparable with those from nuclear magnetic
resonance (NMR) studies [52, 53]. The five red dots
shown in Figure 6b (top) correspond to the five main-
chain N-H groups that have not engaged in H/D exchange
ratio (i.e. they have remained largely hydrogen). Com-
pared with the distribution of B factors of the main chain
atoms, it is seen that these five H/D atoms having small
H/D exchange ratios also have small B factor values (fig.
6b, middle). The conclusion from these H/D exchange ra-
tio measurements is roughly comparable with the results
from NMR studies [52, 53] which show that there are two
broad regions in the protein that display slow NMR H/D
exchange behavior, one centered on the Cys5/Cys8 re-
gion and the other on Cys38/Cys41 (fig. 6b, bottom).
In fact, the set of backbone N-H bonds that show the
slowest NMR exchange behavior include the five resis-
tant N-H bonds that we have identified from our neutron
data. Thus, there is very rough agreement between the
NMR and neutron results, even though strictly speaking
the two techniques are not directly comparable: NMR
measures the dynamic behavior of a protein in solution,
whereas neutron diffraction results reflect a static nature
(i.e. a snapshot ‘frozen in time’).

Unusual examples of H/D exchange
In general, the H atoms of C-H bonds are not easily re-
placed by D atoms. However, two exceptional examples
of H/D exchange were found in a protein structure and in
an oligomeric DNA structure. 
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Figure 4. A typical hydrogen bond in an a-helix. |Fo|–|Fc| omit nu-
clear density map from myoglobin.

Figure 5. A typical example of a bifurcated hydrogen bond, as found
in the neutron myoglobin structure.



Histidine
The first exception involves the C(e1)-H bond in the imi-
dazole ring of histidine residues. This happens to be the
most acidic C-H bond in amino acids [54], suggesting the
possibility that it might participate in H/D exchange. We
have recently confirmed via neutron diffraction that the
C(e1)-H bond of histidine is in fact deuterated in myoglo-
bin [46] and in insulin [37]. Figure 7 shows a neutron

density map around His-97 in myoglobin. One clearly
sees positive neutron density contours near C(e1), indicat-
ing that the C(e1)-H bond is now primarily a C-D bond.
This particular C(e1)-H is pointing to a very disorderd
solvent region and there is no special C-H–O hydrogen
bonding. An occupancy refinement of this position yields
the ratio 80% D/20% H [peak near H(e1) in fig. 7].

Guanine
Another example of H/D exchange involving a C-H bond
was found in the guanine bases of d(CGCGCG)2, a hexa-
meric duplex form of Z-DNA [49]. The C8-H8 bond of
guanine is similar to the C(e1)-H bond of histidine, in the
sense that both are located between two nitrogen atoms of
a five-membered ring. Previous proton-NMR studies had
suggested that the C8-H8 bond can be deuterated in Z-
DNA [55], and the present neutron analysis provides di-
rect experimental evidence confirming this. Almost all
the guanine bases in the crystal of d(CGCGCG)2 showed
evidence of a substantial amount of H/D exchange: an av-
erage of 75 % of the H8 atoms in this duplex were found
to have been replaced by D atoms. [49].

Protonation states of certain amino acid residues

Carboxylate groups of acidic residues
Neutron diffraction provides us with a detailed picture of
protonation sites in a protein. Carboxylate groups (in Asp
and Glu residues) and imidazole rings (in His residues)
have pKa’s in the range from 4 to 6, and their protonation
and deprotonation equilibria may influence protein fold-
ing and function, as well as crystal packing between ad-
jacent molecules. An example of the latter case was ob-
served in the structure of dissimilatory sulfite reductase
D (DsrD), whose crystal structure was determined at a
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Figure 6. Hydrogen/deuterium exchange in rubredoxin. (a) The red
(negative) and blue (positive) contours correspond to H and D
atoms bonded to the main chain N atoms in this region. This plot
shows three of the five H atoms that have not experienced signifi-
cant H/D exchange. (b) (Right) The values of the neutron H/D ex-
change ratios (top) and B factors (middle) of main-chain H/D
atoms. Also shown are the H/D exchange rates derived from the
NMR results (bottom right plot; data taken from [52, 53]. The five
red dots on the upper right-hand plot correspond to atoms that have
resisted H/D exchange (i.e. atoms that are still mostly hydrogen),
according to the neutron results.

(a)

(b)

Figure 7. A neutron |Fo|–|Fc| Fourier maps around His97 in myoglo-
bin. Note the fact that the C(e1) – H(e1) bond of this imidazole ring
has largely been deuterated.



resolution of 2.7 Å [36]. In this crystal, two DsrD mole-
cules form a dimer containing a non-crystallographic
twofold rotation axis. A direct hydrogen bond was ob-
served between Gln6 of one protein and Glu50 of its
neighbor (fig. 8). This particular crystal form was grown
at pD 5.5~6.5, while under less acidic conditions crystal
growth tends to be slower. It can be speculated that pro-
tonation of the carboxylate group in Glu50 may play an
important role in stabilizing intermolecular protein inter-
actions in the crystal lattice.

Protonation state of the Np and Nt atoms of histidine

Insulin is a polypeptide hormone that is intimately in-
volved in the metabolism of glucose. The insulin mono-
mer consists of two chains, a 21-residue A chain and a 30-
residue B chain, linked by a pair of disulfide bonds. An

understanding of the hydrogen bonding in insulin may be
useful in understanding the physiological function of this
hormone. X-ray diffraction techniques [56] showed ear-
lier that the His-10 residue undergoes a conformational
change as a function of pH, while His-5 does not show
such a change, but the origin of this different behavior is
not yet understood.
Neutron diffraction experiments of porcine insulin
(crystallized at pH=9) were performed at room temper-
ature [37]. Our neutron results show that, at this pH,
both the Np and Nt nitrogen atoms of His-10 are proto-
nated (fig. 9a), while in the case of His-5 only the Np
nitrogen atom is protonated (fig. 9b). These results ex-
plain the conformational change of His-10, and the ab-
sence of change of His-5, observed in an X-ray diffrac-
tion experiment [56]. The Nt-H bond of His-10 forms a
hydrogen bond to Tyr-A14, and it can be argued that an
increase in pH causes the deprotonation of the Nt nitro-
gen atom and the breakage of this His-10/Tyr-A14 hy-
drogen bond. On the other hand, in the case of the His-5
ring only the Np nitrogen atom is protonated at pH=9,
and thus it does not show any pH-dependent structural
changes. Thus, one can hypothesize that the protonation
state of the Np and Nt nitrogen atoms of imidazole can
be the origin of this small structural change of insulin at
different pH’s. 

Enzymatic activity 

Lysozyme
The enzymatic activity of lysozyme, a saccharide-cleav-
ing enzyme, is maximal at pH 5 and is less active at pH 7.
It has been postulated that, at pH 5, the carboxyl group of
Glu35 is protonated, and that it is this proton which is
transferred to the oxygen atom of the bound substrate (an
oligosaccharide) during the hydrolysis process. During
the reaction, another acidic residue, Asp52, is postulated
to remain in its dissociated (anionic) state [57]. To eluci-
date the role of hydrogen atoms in this reaction, neutron
diffraction experiments of hen egg-white lysozyme have
been carried out, using crystals which have been grown
at different acidities: specifically, pD= 4.9 on BIX [47]
and pD=7.0 on LADI [6]. The 2|Fo|–|Fc| nuclear density
maps around the carboxyl group of Glu35 are shown at
pD 4.9 (fig. 10a) and at pD 7.0 (fig. 10b). At pD 4.9 the
Fourier map shows a positive region (arrow in fig. 10a)
extending beyond (i.e. attached to) the position of the O
atom of the carboxyl group labeled E35 O(e1), suggest-
ing that this carboxyl oxygen atom (circled) is protonated
at pD 4.9 (fig. 10a). On the other hand, at pD 7.0 it can be
seen that this residue is deprotonated (circled atom in fig.
10b), and in its place there is a water molecule. The ob-
servation that the Glu35 catalytic site is deprotonated at
pD 7.0 explains why lysozyme has significantly reduced
activity at neutral conditions. Thus, our results suggest
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Figure 8. Interaction between the pseudo-two-fold symmetry axis
relating two neighboring DsrD molecules. Broken lines are hydro-
gen bonds, while contours show positive neutron densities. Note the
intermolecular hydrogen bonding between Gln6 of molecule B with
Glu50 of molecule A. The upper H bond is between the C=O amide
side chain of Gln6 and the carboxylate H–O of Glu50, while the
lower hydrogen bond is from the N–H amide group of Gln6 to the
unprotonated COOH oxygen of Glu50.

Figure 9. Protonation and deprotonation structures of histidines in
porcine insulin observed by neutron diffraction. (a) For the 10th
histidine residue, both the Np and Nt nitrogen atoms are protonated
in this diagram (however, at pH=10 the hydrogen atom bound to the
Nt nitrogen atom becomes deprotonated) (b) For the 5th histidine
residue, the neutron data show that only the Np nitrogen atom is
protonated.



that Glu35 is the site of the enzymatically active proton
that is subsequently transferred to the oxygen atom of the
carbohydrate substrate during the hydrolysis process. In-
cidentally, our results at the less acidic pH (7.0) [6] are
consistent with the conclusions of an earlier neutron in-
vestigation, as described in a paper by Mason and co-
workers many years ago [58]. 

Endothiapepsin
Endothiapepsin is a member of a class of important pro-
tein-cleaving enzymes, the aspartate proteinase family
(of which renin and HIV protease are other examples).
In a recently-completed study using LADI by Cooper,
Myles and co-workers [59, 60] on fungal endothiapepsin
complexed with a transition-state analog, it was estab-
lished that the two key catalytic aspartate residues situ-
ated at the active site are in different protonation states in
the active enzyme. From the 2.1 Å neutron study carried
out with LADI at ILL, it was conclusively shown that
Asp-215 is in the neutral (protonated) state, while Asp-32
is not (fig. 11a), thereby supporting a proposed mecha-
nism in which a key step is the involvement of a tetrahe-
dral intermediate stabilized by a negatively charged Asp-
32 and a neutral Asp-215 residue (see intermediate states
labeled ‘2’ and ‘3’ in fig. 11b). 

Xylose isomerase
In one of the first papers produced from data collected at
the PCS diffractometer in Los Alamos [24–26], Hanson
and co-workers reported [61] preliminary work on the en-
zyme xylose isomerase at high resolution (ca. 2.0 Å).
Bacterial D-xylose Isomerase (XI) is a protein of molec-
ular weight of ~160 kDa, crystallizing in an orthorhom-
bic space group, with unit cell dimensions ca. 94¥99
¥103 Å. Crystals with size ranges of 1.5–3.5 mm on a
side were grown, and about 182,000 reflections could be
collected over a total time period of about 3 weeks. XI not

only acts upon its normal substrate D-xylose, but is also
an important enzyme industrially because it is used to
convert D-glucose to D-fructose. A key recent finding
[20, 21] is that residue His-53 in XI appears to be proto-
nated at both nitrogen positions, in accordance with a
proposed mechanism [62] in which His-53 is postulated
to donate its HD2 proton to the sugar oxygen O5 to pro-
mote the ring opening. Currently, a second data set is be-
ing collected to higher resolution and accuracy, with a
different metal at the catalytic site (cobalt instead of man-
ganese)  G. J. Bunick and J. P. Glusker, unpublished; Lan-
gan P., private communication]. 

Aldose reductase
The work on aldose reductase (an enzyme of paramount
importance in diabetes) [I. Hazemann et al., unpub-
lished] deserves special mention, since even an ultra-
high-resolution X-ray data set (0.66 Å) was unable to
supply information on the catalytically active hydrogen
atoms in the active site of this important enzyme [63]. A
neutron data set, collected to 2.2 Å resolution at LADI
on a fully deuterated crystal just 0.15 mm3 in volume,
has succeeded in providing unique information about
the mechanism of action of this enzyme [20, 21]. This
work represents an outstanding example of the impor-
tance of complete deuteration in future applications of
macromolecular neutron crystallography. And as in the
case of concanavalin A [22, 45], aldose reductase has
been the subject of a careful comparison between neu-
tron diffraction [21] and ultra-high-resolution X-ray re-
sults [63].
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Figure 10. 2|Fo|–|Fc| nuclear density map around the carboxyl
group of Glu35 of lysozyme at pD = 4.9 (a), and at pD = 7.0 (b).
Note the pronounced ‘finger’ of nuclear density (see arrow) pro-
truding upwards from atom E35O(e1) on the left (pD = 4.9), and
(b) the lack of such a feature on the carboxylate group on the right
(pD = 7.0): that is, the oxygen atom has lost its proton. This sug-
gests that residue E35 of lysozyme is in its protonated (deuterated)
form under more active (acidic) conditions. [Note: in both plots,
atom E35O(e1) is circled].

Figure 11. (a) Neutron difference map showing the active site re-
gion of endothiapepsin (an aspartate protease) complexed with a
transition state analogue. In this 2.1 Å-resolution neutron study by
Cooper, Myles and co-workers, Asp-32 was found to be in its de-
protonated state, while Asp-215 is protonated. (Reproduced with
permission from [60]). (b) The catalytic mechanism proposed for
aspartate proteases (see discussion in [60]), in which a water mole-
cule tightly bound to the key aspartate residues in the active site of
the enzyme is involved in a nucleophilic attack on the carbonyl
group of the peptide bond to be cleaved. Note the protonated state
of Asp-32 and Asp-215 in intermediate stages (2) and (3), which is
consistent with the neutron results [fig. 11a] (reproduced with per-
mission from [Ref. 60]).

(a) (b)



Cytochrome P450cam
Cytochrome P450’s are ubiquitous heme-containing en-
zymes responsible for a large number of biological oxi-
dations. They catalyze the two-electron oxidations of a
wide variety of hydrocarbons from molecular O2, but the
manner in which this is accomplished (e.g. the proton-de-
livering pathway and the nature of the H bonding pattern
near the active site) is not fully understood. Neutron data
sets on hydrogenated and deuterated samples of cy-
tochrome P450cam (also known as camphor monooxyge-
nase) have been collected up to a resolution of 1.7 Å at
LADI [64] (F. Meilleur F. et al., unpublished], and the
structural analysis is currently in progress.

Amicyanin
Blue copper proteins are abundantly found in nature as
long-range electron transfer agents. In these metallopro-
teins, the copper redox site is coordinated by two imida-
zole rings from His residues, one Cys group and one Met
residue in a highly distorted N2S2 tetrahedral en-
vironment. One of these intensely blue proteins, ami-
cyanin (isolated from the bacterium paracoccus deni-
trificus) is currently under neutron study [65]. When am-
icyanin is reduced, one of the copper ligands, His-95,
rotates by 180° relative to its position in the oxidized
state and actually moves away from the copper coordina-
tion sphere. It has been hypothesized that the reason for
this remarkable disengagement is that His-95 is doubly
protonated in the reduced state and singly protonated in
its oxidation state [66]. A large dark blue crystal (2.0
¥1.3¥1.0 mm) was grown over a period of several
months via a repeated macroseeding technique, and neu-
tron diffraction data were collected at the PCS (Los
Alamos) over a 3-week period up to a resolution of 1.9 Å
[65]. The structural analysis is currently in progress. 

Dihydrofolate Reductase (DHFR)
Dihydrofolate Reductase (DHFR) is an important en-
zyme involved in the regeneration of tetrahydrofolate
(THF), which in turn is a critically important metabolite
involved in a large number of single-carbon transfer reac-
tions, for example the conversion of deoxyuridine to
thymidine, leading ultimately (in that case) to the pro-
duction of the DNA base thymine. A key question in the
structure of DHFR concerns the role of an important
residue in the active site of the enzyme, Asp-27, whose
protonation state under various conditions is still uncer-
tain. There is also a water molecule at the active site
whose precise function is probably critical but is not fully
understood. Neutron diffraction data on single crystals of
dihydrofolate reductase have been collected both at ILL
[B. C. Bennett et al., unpublished] as well as at LANSCE
[C. G. Dealwis and B. C. Bennett, unpublished; Langan
P., private communication] in an attempt to elucidate the
mechanism of this important enzyme.

Protocatechuate 3,4-Dioxygenase (3,4-PCD)
This is a metalloenzyme involving a trigonal bipyrami-
dal iron atom at its active site. The five ligands around
iron include two nitrogens from His, two oxygens from
Tyr and a water molecule [67]. The protonation states of
the ligands around the iron atom during the reaction cy-
cle remains unknown. Neutron diffraction data have re-
cently been collected at the PCS instrument at Los
Alamos up to a resolution of 2.5 Å [68]. The remarkable
feat in this case is the fact that this protein represents the
largest biological molecule ever studied at moderately
high resolution using single-crystal neutron techniques.
The 3,4-PCD aggregate is a dodecamer of 587 kDa, with
unit cell dimensions of 223¥127¥134 Å! The quality of
the data is currently being evaluated, and this structural
analysis, if successful, will certainly provide a technical
basis for future neutron studies of other large biological
macromolecules.

Other published structures
Other published structures include those of the Trp re-
pressor, a DNA-binding protein [69] (data collected at the
LADI diffractometer at ILL), and the W3Y mutant of
rubredoxin from Pyrococcus furiosus [34] (data collected
at the PCS diffractometer at LANSCE). Owing to lack of
space, it will not be possible to discuss these structure de-
terminations in this review, and the reader is referred to
the original publications for more details.

Water molecules of hydration

Classification 
We have categorized observed water molecules into the
following classes based on their appearance in Fourier
maps [18, 19, 70]: (i) triangular shape, (ii) ellipsoidal
stick shape and (iii) spherical shape, and in some cases
molecules of the second category (ellipsoidal stick
shapes) can be further subclassified as either (iia) short
and (iib) long. We found that this classification conve-
niently reflects the degree of disorder and/or dynamic be-
havior of a water molecule. Full details are given in the
original publications [18, 33, 70], but the essential con-
clusions are summarized in figure 12. A triangular shape
indicates a completely ordered water molecule, with all
three atoms located (fig. 12a), while a short ellipsoidal
shape indicates that the O-D bond is visible while the sec-
ond D atom is disordered (fig. 12b). A long ellipsoidal
contour (which is rarely observed) shows two ordered D
atoms with the central O disordered (fig. 12c), while the
very common spherical shape (fig. 12d) corresponds to a
completely disordered water molecule. In an X-ray map,
all four types of water molecules would appear simply as
spherical peaks, and hence it is apparent that neutron
maps are much more informative about hydration struc-
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ture, especially concerning the water molecules near the
surface of a protein, which are much more likely to be or-
dered.

oligomeric DNA duplexes
It has long been suspected that the structure and function
of a DNA duplex can be strongly dependent on its degree
of hydration. In order to investigate the hydration struc-
ture of small oligomeric segments of duplex B-DNA [48]
and Z-DNA [49], neutron diffraction studies have been
carried out on such samples using the BIX-3 and BIX-4
single-crystal diffractometers at JAERI.

The B-DNA decamer d(CCATTAATGG)2

Previous X-ray studies of oligomeric B-DNA have
shown that the hydration pattern in the minor groove, es-
pecially at A•T-tract sequences, is relatively well-or-
dered [71–73]. In those X-ray studies, the observed hy-
dration structure was inferred from the network of oxy-
gen atoms of the water molecules. Goodsell et al. have
described the 2.3 Å resolution X-ray structure of the
d(CCATTAATGG)2 duplex and have discussed the im-
plications of B-DNA bending at T-A sites [74]. In that
paper the hydration structure in the minor groove of
d(CCATTAATGG)2 was also described, in which hydro-
gen bonds from water to DNA were assumed to exist

for all defined O...O distances less than 3.5 Å [74].
From our 3.0 Å neutron study [48], the observed water
network in the minor groove of d(CCATTAATGG)2, is
shown in figure 13. In many cases, the orientations of
water molecules can be deduced from the positions of
the deuterium atoms, and it was observed that the DNA-
water interactions are actually quite complicated: the
complexity of the hydration pattern in the minor groove
is derived from the extraordinary variety of orientations
of the water molecules (fig. 13). This result has already
been discussed in detail [48].

The Z-DNA hexamer d(CGCGCG)2

Z-DNA has a zigzag arrangement of the backbone atoms
in an unusual left-handed helical arrangement. Originally
viewed as a structural oddity, Z-DNA is now believed to
play a significant biological role [75]. The Z-DNA hexa-
meric duplex d(CGCGCG)2 was investigated by high res-
olution X-ray crystallographic analysis (0.6–1.0 Å), and
the positions of water molecules in the hydration shell
were determined precisely [76–79]. Nevertheless, even at
this high resolution the orientational information of water
molecules could not be obtained from the X-ray data. We
have obtained the 1.8 Å resolution structure of this duplex
by neutron crystallographic analysis [49], which showed
44 water molecules, of which 29 of them possessed a tri-
angular (ordered) shape. The remaining 15 water mole-
cules had a simple spherical (disordered) shape. An inter-
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Figure 12. 2|Fo|–|Fc| neutron Fourier maps of water molecules of hy-
dration for a rubredoxin mutant and and a myoglobin. Examples
shown are peaks having (a) a triangular shape, (b) a short ellipsoidal
shape, (c) a long ellipsoidal shape and (d) a spherical shape. In these
figures, the central peak (inner contours) embedded in the middle
of each water contour corresponds to the oxygen atom position de-
rived from X-ray data. Note that, from the outer contours, in (a) all
atoms of the central D2O molecule are visible, whereas in the other
diagrams only some of the solvent atoms are visible in the neutron
maps: O and D in (b); two D in (c); and only O in (d).

Figure 13. 2|Fo|–|Fc| neutron Fourier map (3.0 s level) in the minor
groove of the B-DNA decamer d(CCATTAATGG)2. The bases
Thy4, Thy5, Ade6, Ade16 and Ade17 are labelled in this figure.
Broken lines indicate the hydrogen bonds. Note that a complicated
(but ordered) water network has been observed tightly associated
with the minor groove. In contrast, many of the water molecules in
the major groove (not shown here) are disordered. 



esting relationship was found between the orientational
disorder of the water molecules and their locations: al-
most all water molecules in the minor groove were well-
ordered in the crystal, whereas about half of the water
molecules in the major groove were rotationally disor-
dered. This type of disorder was also observed in the neu-
tron crystal structure of B-DNA discussed in the previous
section [48], which also showed the water in the minor
groove to be more highly structured than that in the ma-
jor groove. The complicated hydrogen-bonding networks
in the hydration shells of d(CGCGCG)2 have been dis-
cussed in detail [49].

Water structure in Concanavalin A 
Concanavalin A (ConA) has been studied several times
by the Helliwell group in collaboration with ILL/LADI
scientists [7, 22, 45, 80, 81], primarily for the purpose
of methods development, as well as to illustrate the
complementarity between high-resolution X-ray results
and medium-resolution neutron results [2, 7]. Con A is
a saccharide-binding protein containing calcium and
manganese, and it was originally investigated by
Habash, Wilkinson, Helliwell, Lehmann and co-workers
in 1997 as one of the first examples of the use of the
LADI diffractometer [80]. A later report extended its
resolution from 2.75 to 2.4 Å, which enabled some of
the D2O molecules in the structure to be observed (for
the first time) as well-defined triangular-shaped con-
tours [22]. In particular, the D2O ligands of the Ca and
Mn atoms were clearly visible in fine detail, as well as
the water molecules that were found in the carbohy-
drate-binding cavity that is normally filled with the sac-
charide substrate in the complexed form of the protein.
In the most recent study of this protein, also carried out
to 2.5 Å resolution but now at the extremely low tem-
perature of 15 K, full D2O waters with complete con-
tours could be observed even up to the second and third
hydration shells [45]. Not only was this the first demon-
stration that large protein crystals (5.6 and 1.8 mm3, re-
spectively) could be frozen successfully, but another in-
teresting feature of that study was a careful analysis of
the quality of the large crystal used in the cryogenic
work after neutron data collection. It was observed that
the portion of the crystal first exposed to low tempera-
ture (as it was plunged into liquid nitrogen) suffered the
worst damage due to thermal shock, but that as one
moved away from that point of contact towards the other
regions of the large sample, crystal quality improved.
Finally, a comparison of water contours (Fourier maps)
between (i) room temperature neutron data; (ii) 15 K
neutron data and (iii) 110 K X-ray data shows some in-
teresting features [45]: for example, even though the
room temperature neutron data set [22] and the 15 K
neutron data set were collected at about the same reso-
lution level (2.5 Å), the five water molecules at the sac-

charide-binding site were poorly resolved at room tem-
perature (i.e. they appeared as a single merged peak)
[22], whereas at 15 K the solvent molecules could in
fact be observed as individual peaks [45]. Incidentally,
the times required for these data collections were (ap-
proximately) 10 days [80], 11 days [22] and 34 days
[45]. The authors also attempted to collect data on con-
canavalin complexed to a substrate analog (methyl-a-D-
glucopyranoside) of 50 kDa in the crystal asymmetric
unit, but the diffraction resolution was only ~3.5 Å due
to the large unit cell volume even for a long exposure.
Unfortunately), technical problems with the reactor in-
terrupted the neutron beam time and prevented comple-
tion of the 3.5 Å data set. [81]. 

Thermostability
Structural results from neutron diffraction can also pro-
vide some indirect information regarding protein ther-
mostability. We have investigated two forms of the unusu-
ally stable rubredoxin from a hyperthermophilic archeo-
bacterium (Pyrococcus furiosus), a protein which can
survive almost 2 days of heating at 90 °C without appre-
ciable denaturation. These two neutron diffraction analy-
ses were solved at 1.5 and 1.6 Å resolution, respectively
[32, 33]. An interesting observation was found involving
the N-terminus itself, which participates in a tight ‘arc’ of
H bonds involving several amino acids (fig. 14). Intrigu-
ingly, one of the key residues in this arc is Glu-14, which
is not found in rubredoxins from mesophilic (i.e. room
temperature) microorganisms. One can speculate that per-
haps this ‘tying down’ of the N-terminus might be one of
the many factors of that could contribute to the extraordi-
nary thermostability of this protein.
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Figure 14. (Left): |Fo|–|Fc| omit map showing the ‘arc’ of hydrogen
bonds around the N-terminal region of wild-type rubredoxin. Con-
touring level is 3.0 s, and hydrogen bonds are shown as dotted lines.
(Right): Expanded view of the terminal ND3

+ group (inside con-
tours, at 2.0 s; outside contours, at 4.0 s), showing all three D atoms
of this group to be resolved.



Future prospects 

Challenging Structures (crystals with large unit cells)
Attempts have been made at ILL to collect neutron data
on the methyl a-D-glucoside complex of con A (space
group cubic, I213, a=167 Å) [81] and from the large iron
storage protein complex ferritin (space group cubic,
F432, a=183 Å). These efforts have demonstrated the po-
tential to collect useful data to medium resolutions
(3.5 Å) [81], but the recent work on protocatechuate 3,4-
dioxygenase from the Los Alamos group (space group
monoclinic, C2, unit cell 223¥127¥134 Å) [68] suggests
that data collection on crystals having large unit cells may
become more feasible in the near future than originally
thought. However, it should be pointed out that these
large unit cells are all centered, and that the equivalent
primitive unit cell dimensions, and the spot-to-spot sepa-
rations in the three cases, are rather similar. Ahmed et al.
have outlined new ideas to reach up to spherical virus
neutron crystallography; these ideas involve using the
benefit of high non-crystallographic symmetry to relax
the resolution limit required to see deuterium atoms and
use of colder neutrons (l=~6 Å) to increase the sample
scattering efficiency [82].

‘Next-generation’ spallation neutron sources
An exciting new development currently under way is the
construction of high-intensity, state-of-the-art pulsed
neutron facilities. These are the Spallation Neutron
Source (SNS) at Oak Ridge, Tennessee in the United
States and the Japan Proton Accelerator Research Com-
plex (J-PARC) in Ibaraki prefecture in Japan. Both SNS
and J-PARC promise to deliver neutron intensities that
are at least an order of magnitude (or more) higher than
those at existing sources: traditional nuclear reactors such
as those at ILL in Grenoble (France) and JRR-3 in JAERI
(Japan), as well as existing pulsed (spallation) neutron
sources such IPNS in Argonne (USA), ISIS at Didcot
(England) and LANSCE at Los Alamos (USA). 
At both new high-intensity spallation sources, diffrac-
tometers for macromolecular crystallography are either
being built or planned. At J-PARC, construction of the so-
called BIX-P1 instrument has already been in progress
since 2004; while at the SNS a corresponding instrument,
to be called MaNDi (Macromolecular Neutron Diffrac-
tometer) is being proposed. The instruments will differ
somewhat in the type of moderator used (this is the mate-
rial situated between the neutron target source and the
sample crystal; its choice determines the intensities and
wavelength distribution of the neutrons used in the dif-
fraction experiment). BIX-P1 will be using neutrons from
a coupled moderator, which has a higher intensity but a
wider wavelength range; while MaNDi is proposed to use
a decoupled moderator, which is less intense but has a

sharper distribution. One reason for this difference is that
J-PARC has a lower pulsing frequency (25 Hz) than SNS
(60 Hz): overlap between pulses that are separately more
widely in time is therefore less serious of a problem at J-
PARC than the closely spaced pulses at SNS.
Regardless of these technical differences, the implications
of the development of SNS and J-PARC on macromolec-
ular research are obvious: if intensities can be increased by
an order of magnitude or two, then in principle it will be
possible to study crystals that are correspondingly smaller
in volume. The consequences of this development will be
enormous. A dramatic decrease in crystal size will have an
absolutely dramatic effect on the usefulness of single-
crystal neutron diffraction in the field of structural biol-
ogy. It is hoped that both instruments will become opera-
tional around the period 2009–2010.

Conclusions 

1) Activity in the single-crystal neutron analysis of pro-
teins has increased dramatically in recent years: at JAERI
(Japan), BIX type diffractometers equipped with neutron
imaging plates (NIPs) and at ILL (France), the LADI dif-
fractometer has been successfully used to acquire high-
resolution neutron diffraction data for the location of hy-
drogen atoms and molecules of hydration in proteins and
oligomeric nucleic acids. The PCS instrument at Los
Alamos, using a pulsed neutron source, has also begun
producing a steady stream of results.
2) We have found that crystallization phase diagrams are
very helpful for systematically determining the optimal
conditions for growing large single crystals for neutron
biomacromolecular crystallography. A new method for
determining these phase diagrams, involving the careful
control of protein solution volumes via a syringe and a
dialysis membrane, is being developed. In addition, a ra-
tional way to assess the quality of protein crystals, based
on the analysis of relative Wilson plots, has been pro-
posed.
3) Parallel improvements in modern molecular biology
now allow fully perdeuterated protein samples to be pro-
duced for neutron scattering that essentially eradicate
the large – and ultimately limiting – hydrogen incoherent
scattering background that has hampered such studies in
the past. This also substantially increases the protein
crystal scattering efficiency, as deuterium scatters
strongly and there are many deuterium atoms in a fully
perdeuterated protein. High-quality neutron data can now
be collected to near atomic resolution (~2.0 Å) for pro-
teins of up to ~50 kDa molecular weight using crystals of
volume ~0.1 mm3.
4) The ability to flash-cool and collect high-resolution
neutron data from protein crystals at cryogenic tempera-
tures have been implemented 
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5) A Hydrogen and Hydration in Proteins Data Base
(HHDB) that catalogs hydrogen atoms and hydration wa-
ter molecules in proteins, as determined by neutron pro-
tein crystallography, has been created and is already pub-
licly available.
6) Certain structural features related to H atoms have been
determined. (i) Since almost all the protein H atom posi-
tions can be identified experimentally, the geometrical de-
tails of certain types of H bonds can be visualized; (ii) since
the neutron scattering process distinguishes deuterium
from hydrogen, information regarding the H/D exchange
behavior of proteins can be obtained, and in some cases it
has been found to be comparable to the results obtained
from NMR spectroscopy; and (iii) perhaps most important,
as far as mechanistic implications are concerned, the iden-
tification of protonation and deprotonation states of certain
important amino acid residues can be carried out. 
7) The hydration structure around proteins and the hy-
dration networks around DNA oligomers have been suc-
cessfully characterized in several exemplary cases.
8) Future protein crystallographic instruments, such as
BIX-P1 and the proposed ManDi diffractometer, at
‘next-generation’ high-intensity spallation (pulsed) neu-
tron sources, promise gains in performance that will fur-
ther extend the size and complexity of samples (and,
more important, reduce crystal sizes) that can be studied
by neutron crystallography. Also, there are new develop-
ments at existing neutron sources to enhance their neu-
tron protein crystallography instrumentation, i.e. LADI-
3 at the ILL. And for target station 2 (TS2) at ISIS, the
new proposed initiative of a Large Molecule Neutron
Diffractometer (LMX++) will enable new types of neu-
tron protein crystallography experiments for European
researchers, too.
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