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Abstract Recent progress in neutron protein crys-
tallography such as the use of the Laue technique and
improved neutron optics and detector technologies
have dramatically improved the speed and precision
with which neutron protein structures can now be
determined. These studies are providing unique and
complementary insights on hydrogen and hydration in
protein crystal structures that are not available from
X-ray structures alone. Parallel improvements in
modern molecular biology now allow fully (per)deu-
terated protein samples to be produced for neutron
scattering that essentially eradicate the large—and
ultimately limiting—hydrogen incoherent scattering
background that has hampered such studies in the
past. High quality neutron data can now be collected
to near atomic resolution (~2.0 A) for proteins of up
to ~50 kDa molecular weight using crystals of volume
~0.1 mm® on the Laue diffractometer at ILL. The
ability to flash-cool and collect high resolution neu-
tron data from protein crystals at cryogenic temper-
ature (15 K) has opened the way for kinetic
crystallography on freeze trapped systems. Current
instrument developments now promise to reduce
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crystal volume requirements by a further order of
magnitude, making neutron protein crystallography a
more accessible and routine technique.

Introduction

Hydrogen can be visualized in electron density maps
calculated from X-ray crystallographic analyses if
ultra-high resolution (<1.0 A) data are available
(Dauter et al. 1997; Longhi et al. 1998; Schmidt et al.
2002; Schmidt et al. 2003; Podjarny et al. 2004).
There are currently ~30,000 X-ray protein structures
deposited to the Protein Data Bank (http:/
www.rcsb.org) of which ultra-high resolution struc-
tures represent less than 1%. Such resolutions are
generally reached for modest size macromolecules
(75% are less than 200 residues) and/or small unit
cell parameter crystals (85% have at least one unit
cell parameter smaller than 90 A). Moreover, even
when such data can be collected, the visibility of
individual hydrogen atoms can be hampered by the
degree of thermal motion (B-factors>10 A%) (How-
ard et al. 2004). Water hydrogen atoms or hydrogen
at the active site of an enzyme therefore can be
difficult to visualize.

In contrast, neutron -crystallography is able to
localize hydrogen positions in protein structures at 1.5—
2.0 A resolutions. This is because neutrons are scat-
tered by the nuclei of the atoms in the crystal lattice,
whereas X-rays are scattered by the electron clouds. As
a consequence, X-ray scattering amplitudes are pro-
portional to the number of electrons of the atoms,
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There is considerably less variation across the
periodic table in the case of neutron scattering
lengths than for X-ray scattering factors. The most
striking illustration of this is that hydrogen and its
isotope deuterium have similar scattering lengths to
the other ““heavy” atoms found in a protein, namely
carbon, oxygen and nitrogen (Table 1). Therefore the
position of hydrogen atoms can be assigned as
readily as the position of the other atoms using
neutron crystallography even at the 1.5-2.0 A reso-
lution limits typical of most protein structures.

Neutron macromolecule crystallography

The high visibility of H/D atoms and of water (D,O) in
neutron protein structures makes neutron crystallo-
graphy highly complementary to X-ray crystallography

Table 2 Protein crystals for which neutron data have been
collected, sorted by ascending V/(vy)* ratio, where V is the
volume of the crystal measured and v, the volume of the primitive

in cases where specific biological questions such as
understanding catalytic mechanisms require knowl-
edge of the exact location of hydrogen atoms in en-
zyme structures or to better describe the solvent
structure in and surrounding proteins.

Despite its obvious potential, the use of neutron
crystallography has previously been limited by the
inherent low fluxes of even the most powerful neutron
sources. As a result, only a handful of neutron protein
structures have thus far been determined. Table 2 lists
the ensemble of macromolecules for which a neutron
structure has been deposited in the Protein Data Bank
or those currently being refined.

A common requirement—and limitation—of
neutron protein crystallography is the need for
unusually large crystal volumes required (Table 2).
This is primarily due to the weak flux of available
neutron beams. The diffracted intensity in Bragg

crystallographic unit cell (cf. Eq. 1). LADI Laue Diffractometer.
PCS Protein crystallography station. BLX Neutron diffractometer
for biology. CD Conventional diffractometer

Protein Instrument  Unit cell  Crystal V/(v())2 Roesolution Reference

volume size (10° A7) (A)

Vo (A3) V (mm?)
Dihydrofolate reductase LADI 518136 0.3 1.1 22 Bennett et al. (2005)
Perdeuterated Aldose reductase LADI 161535 0.15 5.7 22 Hazemann et al. (2005)
Urate oxidase LADI 407036 1.8 10.1 21 Budayova-Spano et al. (2006)
15K Concanavalin A LADI 472971 1.6/5.6 7125 2.5 Blakeley et al. (2004)
D-xylose isomerase PCS 480230 5 21.6 2.0 Hanson et al. (2004)
D-xylose isomerase LADI 463424 8 37 22 Meilleur et al. (2006)
Dissimilatory sulfite reductase D BIX 183142 1.7 51 24 Chatake et al. (2004)
Concanavalin A LADI 479534 15 65 24 Habash et al. (2000)
Insulin CD 200409 34 84 22 Wlodawer et al. (1989)
Lysozyme LADI 228999 6 114 2.0 Niimura et al. (1997a, b)
Trp repressor LADI 93420 1.12 130 2.1 Daniels et al. (2003)
Endothiapepsin LADI 158139 35 140 2.0 Cooper et al. (2000)
B-DNA decamer BIX 104020 2.8/1.6 259/148 3.0 Arai et al. (2005)
Insulin BIX 245771 20.8 344 1.6 Maeda et al. (2004)
15 K Rubredoxin LADI 53500 14 489 1.7 Blakeley et al. unpublished
Perdeuterated Myoglobin CD 64216 25 606 2.0 Shu et al. (2000)
Trypsin CD 50111 1.6 637 22 Kossiakoff et al. (1981)
Z-DNA PCS 25172 0.7 1105 1.6 Langan et al. (2006)
Rubredoxin PCS 53600 4 1390 2.1 Li et al. (2004)
Amicyanin PCS 43127 2.6 1400 1.9 Sukumar et al. (2005)
Myoglobin BIX 64464 6.25 1500 1.5 Engler et al. (2003)
Rubredoxin BIX 53516 5 1750 1.5 Bau (2004)
Rubredoxin BIX 53207 5 1760 1.6 Chatake et al. (2003)
Oxymyoglobin CD 64500 8 1920 2.0 Phillips et al. (1981)
Z-DNA hexameric duplex BIX 24519 1.6 2660 1.6 Chatake et al. (2005)
Lysozyme LADI 22771 2 3860 1.7 Bon et al. (1999)
Crambin CD 17155 1.4 4760 1.5 Teeter et al. (1984)
Metmyoblobin CD 64500 24 5760 2.0 Raghavan et al. (1984)
Carbon-momoxymyoglobin CD 64501 24 5770 1.8 Cheng et al. (1991)
15 K Lysozyme LADI 22771 4 7710 1.6 Meilleur et al. (2005)
Ribonuclease A CD 57228 30 9160 2.0 Wlodawer et al. (1984)
Lysozyme CD 22771 20 38570 1.4 Mason et al. (1984)
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reflections in a single crystal experiment can be
written as:

I=1Iy- F* -V -A/(w) (1)

where I, Iy, F, V, A, and v, are the diffracted intensity,
incident neutron intensity, structure factor, volume of
the crystal, detector area subtended by the sample and
volume of the unit cell, respectively (Niimura 1999).
While ~10' photons cm™2s™" are available from rotating
anodes or ~10'® photons cm s~ from synchrotrons, the
neutron flux /, at the sample position ranges from 10° to
10° neutrons cm s~ (=3 x 107 on the LAue DIffrac-
tomer LADI) even at the most intense neutron sources.

Historically, this resulted in very long data collection
times and time scales for data collection were often
prohibitive. This also was due in part to the lack of
dedicated, optimized instrumentation for macromo-
lecular crystallography. In conventional instruments,
the incident neutron beam was monochromatized, and
the data measured on four-circle diffractometers or flat-
cone diffractometers (Wlodawer et al. 1989) composed
of a moveable detector that is sequentially positioned
to record each Bragg reflection individually. As a
consequence, neutron macromolecule crystallographic

studies were limited to crystals of generally low
molecular weight proteins (<20 kDa), with small unit
cell parameters (<50 A) (Table 2) and for which
crystals of unusually large volume could be grown [i.e.,
cases for which V/(vo)? is favorable (Eq. 1)]. More re-
cent advances in both instrumentation and sample
preparation have lowered both data collection times
and the crystal volume requirements, greatly extending
the range of problems that are accessible to the tech-
nique. Instruments at reactor (Kurihara et al. 2004;
Myles et al. 1998) and spallation (Schoenborn and
Langan 2004) sources have been optimized in order to
maximize the flux of neutrons at the sample and have
improved detector efficiencies and larger angular
coverage. One measure of the advances provided by this
current suite of instruments is in the dramatic reduction
of the ratio of V/(vo)* (Eq.1) required for successful
neutron analysis of larger unit cell systems (Fig. 2).

The LAue DIffractometer (LADI) at the Institut Laue
Langevin

At the Institut Laue Langevin, the neutron Laue dif-
fractometer LADI was developed in order to speed up
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Fig. 2 Plot showing the ratio of V/(v)? (10° Aﬁ) as a function
of the primitive unit cell volume, vy, where V (A?) is the volume
of the crystal from which neutron data have been measured

@ Springer

(cf. Eq. 1), LADI laue diffractometer. PCS Protein crystallogra-
phy station. BIX neutron diffractometer for biology. CD conven-
tional diffractometer



Eur Biophys J (2006) 35:611-620

615

data collection and allow smaller crystals to be mea-
sured (Cipriani et al. 1994, 1996; Myles et al. 1998). The
LADI instrument (Fig. 3) is dedicated to protein
crystallography. Two key changes were made in the
experimental design compared to diffractometers pre-
viously used: (1) a large cylindrical area detector made
of neutron-sensitive image plates was designed, sur-
rounds the sample and allows many stimulated Bragg
reflections to be recorded simultaneously; (2) the Laue
(white beam) method is used to provide a more rapid
and efficient survey of reciprocal space, maximizing the
flux on the sample by using all available neutrons
within a broad spectral range and stimulating very
large numbers of reflections at all possible wavelengths
over many different angles (Myles 2003). For crystal
with unit cell parameter greater than 50 A—typical of
most biological crystals, where use of the full white

Fig. 3 a The Laue DlIffractometer at ILL (cover removed)
b (from Cipriani et al. 1996). I Neutron-sensitive image plate on
drum. 2 Drum. 3 Sample holder. 4 Crystal. 5 Transmission belt to
drive drum. Motor is under table. 6 Carrier for reading head with
photomultiplier. 7 He-Ne laser. 8 Mirrors for bringing the laser
light to the reader head. 9 Reader head with photomultiplier.
10 Encoder for drum rotation. /7 Cover

beam can cause many of the stimulated reflections to
be overlapped at the detector, a more limited wave-
length bandpass (quasi-Laue) is preferred. In such
cases, a Ni/Ti multilayer filter is used to select the
wavelength range (AA/A) and wavelength (1) that is
best suited to the sample (Hgghgj et al. 1996). A
4 =35A, Alli ~25%, is used for most applications.
The resolution then at the edge of the detector is
~1.5 A, sufficient to localize hydrogen/deuterium
atoms. Further advantages of using a restricted wave-
length bandpass are that the background on the
detector is reduced proportionally compared to the
Laue technique, the number of energy overlapped
harmonic reflections is significantly reduced and that
almost all reflections (>99%) recorded are single.
These combined improvements have greatly acceler-
ated data collection rates (Helliwell 1997; Myles et al.
1998) thus making smaller crystals and larger systems
accessible to neutron crystallography (Table 2). For
example, data collection on LADI for standard systems
such as lysozyme (Niimura et al. 1997a, b; Bon et al.
1999) has been performed with an order of magnitude
acceleration in the data collection rate over conven-
tional diffractometers. Data have also been collected in
2-3 weeks for larger systems such as concanavalin A
(Habash et al. 2000; Blakeley et al. 2004), Trp repres-
sor (Daniels et al. 2003), endothiapepsin (Cooper and
Myles 2000; Coates et al. 2001), aldose reductase
(Hazemann et al. 2005), dihydrofolate reductase
(Bennett et al. 2005), xylose isomerase (Meilleur et al.
2006) and urate oxidase (Budayova-Spano et al. 2006).
Some details of the neutron structures refined against
LADI data are shown on Fig. 4.

Perdeuteration

Hydrogen has a large incoherent cross section
(Table 1). Whilst this incoherent signal can be exploi-
ted to provide dynamic information in inelastic neu-
tron scattering experiments, in diffraction experiments
the large hydrogen incoherent scattering gives rise to a
large and significant background. As hydrogen atoms
account for about 50% of the atoms in a protein and
are also present in the surrounding H,O solvent mol-
ecules, the signal to noise ratio of neutron diffraction
data from fully hydrogenated systems is dominated by
the large incoherent background. Moreover, due to
their negative scattering length, hydrogen atoms
appear as negative density in neutron Fourier maps, in
contrast to the other elements, including deuterium,
which appear as positive density peaks. Whilst this
difference in sign between hydrogen and deuterium
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neutron density can be exploited to give information
on solvent accessibility of the target groups in a protein
(H/D exchange), it may also unfortunately lead to
neutron density cancellation around neighboring atoms
(at the ~2.0 A resolutions typical of these experiments)

Asp 215

LRI LR

Fig. 4 Details from neutron structures refined against LADI
data. a Visualization of hydrogen and deuterium atom in
lysozyme at 2.0 A resolution. Green 2F,-F. positive neutron
density map; pink 2F,-F. negative neutron density map (from
Niimura et al. 1997a, b). b Orientation of a water molecule in
concanavalin A with room temperature LADI data at 2.4 A.
2F,-F. neutron density map contoured at 1.5¢ (from Habash
et al. 2000). ¢ Hydration shells around lysozyme at room
temperature using 1.7 A resolution data. 2F,—F. neutron density
map, omitting the water molecule and contoured at the 1o (from
Bon et al. 1999). d Location of hydrogen/deuterium atom at the
active site of endothiapepsin in a 2.1 A resolution LADI
structure (from Coates et al. 2001). e Increased visibility of
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hampering accurate interpretation of the resulting
neutron maps (Shu et al. 2000). In contrast, the inco-
herent scattering arising from deuterium is 40 times
lower, whilst the neutron scattering length is positive
and twice that of hydrogen (Table 1). Therefore

water molecules in concanavalin A using cryogenic data at 2.5 A
resolution. 2F,-F. neutron map contoured at 1.5¢ (from
Blakeley et al. 2004). f Hydrogen deuterium exchange in Trp
repressor (from Lawson and Chin 2003). g Enhanced visibility of
hydrogen atoms in fully deuterated human aldose reductase at
2.2 A resolution. 2F,~F, neutron density map contoured at 1.5¢
(from Hazemann et al. 2005). h Histidine protonation state at the
active site of D-xylose isomerase in a 2.2 A neutron structure.
2F,-F. neutron map contoured at 1.5¢ (from Meilleur et al.
2006). i Orientation of hydroxyl group in the 2.1 A resolution
neutron structure of urate oxidase in complex with 8-azaxanthin.
2F ,—F. neutron density map contoured at 1.5¢ (from Budayova-
Spano et al. 2006)
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replacing hydrogen by deuterium in protein crystals
increases the coherent scattering signal and decreases
the incoherent background, typically providing a near
order of magnitude improvement of the signal to noise
ratio of the data. Deuterium labeling can be achieved
either partially, by soaking crystals in deuterated
mother liquor, or more fully, by preparing completely
(per)deuterated protein samples. In addition to the
replacement of the bulk solvent and of hydration
waters, exchange with deuterated solvent results in
about 15 to 20% of the solvent accessible hydrogen
content of the protein being exchanged for deuterium,
i.e., hydrogen atoms that are bound to nitrogen or
oxygen (amino and hydroxyl groups). This approach
has been used successfully in a number of LADI
experiments (Bon et al. 1999; Cooper et al. 1999;
Habash et al. 2000; Blakeley et al. 2004; Bennett et al.
2005; Budayova-Spano et al. 2006; Snell et al. 2006)
(Table 2). In order to replace the remaining hydrogen
atoms which are bound to carbon, it is necessary to
express the protein under deuterated conditions in
vivo. Fully deuterated systems offer as much as a
40-fold reduction in the background (Gamble et al.
1994) and thus enables radically smaller crystals to
be used for neutron data collection. This has been
recently demonstrated in the case of aldose reductase,
for which neutron data to 22 A resolution were
collected from a 0.15 mm® (Table 2) perdeuterated
aldose reductase crystal (Hazemann et al. 2005;
Blakeley et al. 2006). Since the growth of very large
single crystals has been a major hurdle in neutron
protein crystallography, this result demonstrates the
critical advance offered by perdeuteration. Moreover,
studies have shown that the structural features of fully
deuterated proteins are not significantly altered at the
resolution of the analyses (Gamble et al. 1994; Cooper
et al. 1998; Tuominen et al. 2004; Meilleur et al. 2005;
Artero et al. 2006; Budayova-Spano et al. 2006), vali-
dating the use of perdeuterated protein in neutron
protein crystallography. Facilities dedicated to the
production of deuterated macromolecules are now
available at the Institut Laue Langevin and European
Molecular Biology Laboratory in Grenoble, and at
Los Alamos (PCS) and Oak Ridge (CSMB) national
laboratories.

Cryo-neutron crystallography

Neutrons do not cause any observable radiation
damage in protein crystals and thus most experiments
are performed at room temperature. However, cryo-
cooling protein crystals in X-ray crystallography has

been shown (in some cases) to provide improvements
in data quality by reducing B-factors, and also opens
up possibilities for freeze trapping studies of enzy-
matic reaction intermediates. This is challenging for
large protein crystals since the solvent must be rapidly
(flash)-cooled to a vitreous glass in order to avoid ice
formation that disrupts the crystal lattice. Protocols
for cryo neutron crystallography have been developed
to cool and maintain large protein crystals (1-5 mm”)
at cryogenic temperatures (<15 K) and have pro-
vided neutron diffraction data to high-resolution
(~1.5-2.5 A). Data have been collected for lysozyme
(Myles et al. 2003; Meilleur et al. 2005), concanavalin
A (Blakeley et al. 2004) and rubredoxin (M.P.
Blakeley et al. in preparation). In each case, crystals
were mounted in fiber loops, passed rapidly through
glycerol cryo-protectant solutions, and then flash-
cooled by plunging directly into liquid N, (77 K). The
crystals were then transferred under liquid N, and
mounted and cooled to 15 K on the cold head of a
displex cryostat custom built for LADI. These results
open up new experimental capabilities that will allow
analysis of structure (and transitions) as a function of
temperature and the ability to use freeze trapping to
‘quench’ kinetic processes and capture reaction
intermediaries, allowing new scientific questions to be
addressed.

Conclusion and perspectives

Recent progress in neutron protein crystallography
such as the use of the Laue technique and improved
neutron optics and detector technologies have dra-
matically improved the speed and precision with which
neutron protein structures can now be determined.
These studies are providing unique and complemen-
tary insights on hydrogen and hydration in protein
crystal structures that are not available from X-ray
structures alone. Parallel improvements in modern
molecular biology now allow fully (per)deuterated
protein samples to be produced for neutron scattering
that essentially eradicate the large—and ultimately
limiting—hydrogen incoherent scattering background
that has hampered such studies in the past. High
quality neutron data can now be collected to near
atomic resolution (~2.0 A) for proteins of up to
~50 kDa molecular weight using crystals of volume
~0.1 mm® on the Laue diffractometer at ILL. The
ability to flash-cool and collect high resolution neutron
data from protein crystals at cryogenic temperature
(15 K) now opens the way for kinetic crystallography
on freeze trapped systems.
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However, neutron protein crystallography still re-
mains a demanding and intensity limited technique.
Experiments still fall just at the edge of feasibility,
frustrated by the size of the available crystals. A fur-
ther order of magnitude gain in capability would be
decisive in extending the range, scale and complexity
of problems that are accessible to neutron analysis.
This is being addressed at new neutron sources and
facilities worldwide. At ILL, the LADI instrument has
been redesigned and a new instrument is under con-
struction. Measurements suggest that transferring the
image plates and readout system to the inside of the
drum will provide a threefold gain in neutron detection
efficiency (Myles et al. 2000; Wilkinson et al. unpub-
lished work). In addition, the dimensions of the drum
have been increased to 400 mm in diameter and
450 mm in length (current LADI is 320 mm in diam-
eter and 400 mm in length), which will help resolve
spatially overlapped Bragg reflections and reduce the
isotropic background scatter per pixel at the detector.
The upgraded diffractometer will come on line in 2006
and combined with its re-location on a new high
intensity neutron guide, should provide a further order
of magnitude improvement in performance.

The development of time-of-flight protein diffrac-
tometers at the new intense spallation neutron source
(SNS) in the USA and at a similar facility in Japan
offer the promise of yet further 10-50-fold gains in
performance. The major advantage of these instru-
ments is that whilst a very broad (Laue) band-pass is
used, the pulsed time structure and energy resolution
of the incident neutron beam reduces the number of
both harmonic and spatially overlapped reflections and
improves the signal-to-noise ratio of the data (Schultz
et al. 2005). Such gains in performance can be expected
to significantly extend the size and complexity of sys-
tems that can be studied by neutron crystallography.
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