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Abstract

Neutron crystallography has had an important, but relatively small role in structural biology over the
years. In this review of recently determined neutron structures, a theme emerges of a field currently
expanding beyond its traditional boundaries, to address larger and more complex problems, with
smaller samples and shorter data collection times, and employing more sophisticated structure
determination and refinement methods. The origin of this transformation can be found in a number
of advances including first, the development of neutron image-plates and quasi-Laue methods at
nuclear reactor neutron sources and the development of time-of-flight Laue methods and electronic
detectors at spallation neutron sources; second, new facilities and methods for sample perdeuteration
and crystallization; third, new approaches and computational tools for structure determination.

Introduction

Knowing exactly where hydrogen (H) atoms are and how they are transferred between
biomacromolecules, solvent molecules, and substrates is important for understanding many
biological processes. Neutron crystallography (NC) is a powerful technique for locating H
atoms and is used to provide information on the protonation states of amino acid residues, the
identity of solvent molecules, and the nature of bonds involving H, as illustrated in Figure 1
and as recently reviewed [1]. NC can also be used to identify H atoms that are exchanged with
deuterium (D) and the extent of this replacement, thus providing a tool for identifying
isotopically labeled structural features and for studying solvent accessibility and
macromolecular dynamics, complementary to NMR techniques. The big disadvantage of NC
is the relatively low flux of available neutron beams, which requires either big crystals or very
long exposure times for smaller crystals in order to have a measurable diffraction signal.

Previous reviews in this journal have outlined the advantages of using NC, but with relatively
few examples of its application, and they have looked toward a brighter future in which the
disadvantage of the relatively low flux of available neutron beams is overcome [2,3]. Since
then there has been greatly increased activity in this field and the focus of this review is on the
increasing number of new neutron structures published over the past two years. We shall
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discuss the methodological and technological advances that are responsible for this increase
in scientific productivity and what opportunities, challenges, and limitations the future holds.

New structures

Details of recently published structures are given in Table 1. Combining NC of enzymes human
aldose reductase (hAR) [4++,5], o-xylose isomerase (XI) from Streptomyces rubiginosus [6ee,
7,8¢¢], diisopropyl fluorophosphatase (DFPase) from Loligo vulgaris [9¢], and endothiapepsin
from Endothia parasitica [10,11] with complementary information from X-ray crystallography
(XC), and quantum mechanical and molecular dynamics modeling, has answered key questions
about reaction mechanisms. hAR reduces a wide range of substrates by hydride transfer from
C4 of a NADPH cofactor and a proton donation from hAR itself. Blakeley et al. [4+] have
unveiled the internal organization and mobility of the H-bond network of the catalytic engine.
The results suggest that hAR overcomes the difficulty of simultaneously satisfying the
requirements of being an effective catalyst and a promiscuous one by using a distal proton
donor (Asp43—Lys77 pair, see Figure 2) acting on a flexible final proton carrier (Tyr48),
capable of accommaodating different substrates.

Two catalytic Asp-Thr-Gly sequences form the active site of the aspartic proteinase
endothiapepsin, with a catalytic water bound tightly between the aspartates. Tuan et al. [10]
and Coates et al. [11] have determined the H-bond arrangement in the tetrahedral binding motif
formed by these aspartates and a difluoroketone (gem-diol) inhibitor (Figure 1a). This complex
is a more complete analog of the transition state than a previous one with a hydroxyethylene
inhibitor [12], and provides a snapshot of possible proton transfer during the reaction.

H atoms have been located at different stages of the sugar isomerization reaction catalyzed by
XI, greatly impacting our understanding of the reaction mechanism [6ee,7,8¢¢]. After a ring-
opening stage involving the His54—Asp57 pair, the substrate (xylose or glucose) is extended
and tethered at either end by H bonds. A metal bound water molecule, close to the C1—C2
site of isomerization, is deprotonated as Lys289 is protonated. Meanwhile, O2 of the substrate
is deprotonated and the resulting unstable intermediate is stabilized by removing H from C2
and adding H to C1. The precise role of the activated water molecule in this proton transfer
remains to be determined.

Proposed catalytic mechanisms for the phosphotriesterase DFPase include esterase hydrolysis
by nucleophilic attack on the phosphorus atom of the bound substrate by an activated water
molecule. However, the recent observation of a covalent intermediate between substrate and
Asp229 suggests a new mechanism in which the carboxylate carbon atom of the intermediate
is attacked by water [13]. Blum et al. have revealed that, in the holoenzyme, the catalytic
calcium coordinates a key water molecule and that Asp229 is clearly deprotonated, in support
of the newly proposed mechanism ([9¢], MM Blum et al.,in preparation).

Dihydrofolate reductase (DHFR) has become an important chemotherapeutic and
antimicrobial drug target. Bennett et al. [14e¢] directly revealed that a ring nitrogen atom (N1)
of the anticancer drug MTX undergoes induced protonation on binding to DHFR from E.
coli, imparting it with a favorable positive charge for ionic interaction with unprotonated
Asp27, and partly explaining its preferential binding over the natural DHF substrate.

The functional mechanisms of photoactive yellow protein (PYP) from Halorhodospira
halophila [15¢] and human hemoglobin (HbA) [16e,17] have been studied by a combination
of NC and XC. PYP absorbs light via its para-coumaric acid chromophore (pCA), covalently
attached to Cys69, and is thought to be involved in the negative phototactic response of the
organism to blue light. In its ground state, Fisher et al. [15¢] have revealed that the phenolate
oxygen of pCA accepts two short H bonds (from Glu46 O%2 and Tyr42 O") and that Thr50
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01 stabilizes this arrangement by donating an H bond to Tyr42 O". However, D/H between
pCA and Tyr42 is only partially occupied indicating a resistance to exchange or that it also
interacts with Thr50, possibly in a resonance between the two bonds. HbA efficiently transports
O, from lung to tissue. Binding of O, to HbA’s heme sites is regulated by protons and by
inorganic anions. Chatake et al. [16+] have determined the protonation states of key distal
residues Hisa58 and Hisp63 in the deoxy form, which contribute to the T-state Bohr effect of
HbA.

Further NC data sets having been collected from biomacromolecules, including high-resolution
deoxyhemoglobin [17], porcine pancreatic elastase [18], nucleic acids [19], thaumatin [20],
and rasburicase [21], and structure determinations are under way.

in neutron beam line technology and methods

A number of technological and methodological advances are now fully exploited on neutron
beam lines. Neutron image-plates mounted on cylindrical drums, originally developed by the
Japanese Atomic Energy Agency (JAEA) in the 1990s, can completely surround the sample,
maximizing the number of reflections simultaneously recorded on beam lines at nuclear reactor
neutron sources run by JAEA and the Institut Laue-Langevin (ILL). On BIX-3 and BIX-4 at
JAEA [22,23] a series of elastically bent perfect Si plates produced a high-flux beam for
monochromatic data collection with high signal-to-noise ratios. Data are collected using a step-
scan mode (typically 0.3°), with each exposure lasting for 15-60 min, and a total of 500-1000
of such frames are required for a typical data set.

On LADI-1I1 at the ILL, data are collected using a quasi-Laue method in order to provide a
rapid survey of reciprocal space while reducing background scattering and reflection overlap
compared to the use of the full white beam. Various Ni/Ti multilayer band-pass filters are
available (6A/A from 5 to 25%) so one can select the wavelength range and wavelength best
suited to the sample. The crystal is mounted on a goniometer head along the cylindrical drum
axis and is rotated around this axis (typically by 7°) for each successive image. The neutron
beam, which enters and leaves via opposed holes in the cylinder, interacts with the crystal to
produce Bragg reflections which are recorded on the neutron image-plates mounted on the
inside cylindrical surface. LADI-III is a recent replacement (March 2007) for the old LADI
instrument used to collect data from crystals as small as 0.15 mm3. An improved reading system
located internally provides a twofold to threefold gain in neutron detection [24]. For example,
data sets have been collected in 3.5 days to 2.0A resolution from a 1.4 mm? thaumatin crystal
[19] and over several days to 2A resolution from a perdeuterated antifreeze protein (AFP) only
0.13 mm?3 in volume (I Haertlein et al., unpublished).

The Protein Crystallography Station (PCS) at Los Alamos Neutron Science Center (LANSCE)
is the first NC beam line to be built at a spallation source [25,26] and has been operational
since the end of 2002. Neutrons are produced from a coupled high-flux water moderator in
pulses at a rate of 20 Hz and then travel 28 m down a vacuum pipe with collimation inserts
tapering the beam to a final divergence of 0.12°. The time and energy structure of the beam,
and also its relatively small divergence, has allowed data to be collected efficiently and with
enhanced signal-to-noise with time-of-flight (TOF) Laue techniques from crystals as small as
0.3mm3. The data are recorded as 3D TOF Laue patterns on a large position sensitive electronic
detector with a spatial resolution of less than a millimeter, and are processed using a version
of the software d*TREK maodified for TOF Laue techniques [27]. This wavelength-resolved
Laue technique has rapid and efficient coverage of reciprocal space and does not suffer from
reflection overlap and a build up of background scattering over the selected wavelength range.
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in sample preparation

Deuteration, replacing H by D, is a powerful method for changing the scattering contrast of
specific parts of a macromolecule and also for enhancing its scattering properties. Water and
labile H atoms in proteins can be substituted by soaking crystals in D,O mother liquor. To
substitute the remaining H atoms (perdeuteration) requires gene expression in a deuterated
growth media, which offers several advantages, such as the use of smaller crystal volumes, the
ability to collect data from larger and more complex systems, shorter data collection times, and
potentially higher resolution data. The ILL-EMBL Deuteration Laboratory (D-Lab), running
since 2003, has allowed NC studies using crystals as small as ~0.1 mm?3 [4ee 5]. At the
Biological Deuteration Laboratory (BDL) at LANSCE, an algae-based approach is used,
described in its application to studying the catalytic mechanism of haloalkane dehalogenase
from Xanthobacter autrophicus by Liu et al. [28].

For hydrogenated proteins, optimizing crystal volume is still a bottleneck. In such situations,
larger hydrogenated crystals (grown or soaked in D,0) are required. A similar problem occurs
if perdeuterated crystals are too small. Knowledge of the macromolecular crystallization phase
diagram allows large crystals to be obtained. At the ILL/EMBL-Grenoble, a device which
combines the use of temperature control with seeding to drive the process of crystallization
has been developed [21,29]. While at JAERI, a device based on a novel dialysis method is used
to grow large crystals based on the phase diagram for the protein concentration versus
precipitant concentration [30-33].

in structure determination and refinement methods

A Macromolecular Neutron Crystallography (MNC) consortium between Los Alamos and
Berkeley National Laboratories has been established to develop computational tools (see
http://mnc.lanl.gov). A patch, desighated nCNS, for the existing structure solution program
called CNS [34] has been developed which combines, for the first time, global XC, NC, and
energy refinement with crossvalidated maximum-likelihood simulated annealing refinement.
NCNS has already been used to determine the joint X-ray and neutron (XN) structures of PYP
[15¢], DFPase [9¢], nucleic acids [19], endothiapepsin/difluoroketone [10], and Hba [17]. MNC
has also added NC capabilities to PHENIX (website) and phenix.refine has been used to
determine the XN structure of hAR [4e]. The future development of nCNS and PHENIX will
be greatly aided by a ‘Hydrogen and Hydration in Proteins’ Data Base (HHDB)
(http://hhdb01.tokai-sc.jaea.go.jp/HHDBY/) that catalogs all H atom positions determined by
NC. The HHDB is an important new research tool that provides a graphic interface for
visualizing and analyzing all types of interactions involving H atoms. In addition to determining
H positions, NC coupled with the H/D-exchange (HDX) method is a powerful probe for
investigating molecular dynamics. A global analysis of HDX has shown that it can also be used
to identify the constituents of the hydrophobic protein core and constitute minimal folding
domains [35].

Hauptman and Langs have extended the neutron Shake-and-Bake (SnB) protocol for neutron
macromolecular structure determination, by including the analysis and treatment of H/D-
labeled isomorphous pairs of macromolecular structures. The first proof-of-principle
experiments for these ab initio phasing techniques were performed on LADI-II1 using
rubredoxin (Pyrococcus furiosus). Data sets were collected on both a perdeuterated rubredoxin
crystal (DAA Myles et al., unpublished) and an ‘isomorphous derivative’, in which H-labeled
amino acids, clearly seen in preliminary maps, were selectively introduced into deuterated
rubredoxin [36¢].
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Conclusions

As described in the “New Structures’ section, NC has recently provided key biological
information, notably about enzymatic mechanisms. This increase in the biological impact of
NC is due both to the improvement of data collection facilities and of perdeuterated samples.
Efforts in increasing crystal volume, still an important bottleneck, are essential to take full
advantage of perdeuteration. Moreover, selective labeling of specific amino acids or
nucleotides within a molecule can also allow novel approaches in structure determination
[37].

The rate of expansion of NC is likely to increase with continued improvements to existing
beam lines, like the recent replacement of the LADI station at the ILL by the LADI-III, and
the addition of a number of new beam lines with greatly increased capabilities [38]. In addition
to two new beam lines for NC at the reactor sources run by ANSTO and FRM-II, three new
beam lines are being built at the next generation spallation neutron sources: the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory and the Japan Proton Accelerator
Research Complex (J-PARC) in Japan.

At the SNS, TOPAZ will be able to resolve unit cell edges of up to 50A, whereas MaNDi is
optimized for larger unit cell systems of 150A and beyond [39]. At J-PARC, iBIX, scheduled
for operation in 2008, is projected to improve data collection efficiency over BIX-3 and BIX-4
by two orders of magnitude [33,40]. 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; the dramatic decrease in
crystal size will have very positive impact on the usefulness of single-crystal neutron diffraction
in the field of structural biology. Table 2 shows a comparison between different neutron
sources, present and future.
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Figure 1.

(a) A 2Fo-Fc nuclear density map calculated from the joint refined X-ray (1.0A) and neutron
(1.8A) structure of the enzyme endothiapepsin clearly shows the protonation state of the
enzyme and the bound gem-diol inhibitor PD-135,040 in the active site [10,11]. (b) A
topological representation of the extent of H/D exchange at backbone amide groups in the
enzyme diisopropyl fluorophosphatase [9¢]: blue, nonexchanged; red, fully exchanged. The
extent of isotopic exchange is a measure of solvent accessibility and local refolding dynamics.
(c) A 2Fo-Fc nuclear density map calculated from the refined 1.6A neutron structure of a
rubredoxin triple mutant, showing a view of residue Trp36. Blue and red contours show positive
and negative densities, respectively. The green broken line shows a hydrogen bond between
the N—D bond of Trp36 and the carboxyl group of Glu18. Note the positive contours of the
N—D group and the entire D,O molecule, as opposed to the negative contours of the H atoms
of the C—H bonds [43]. (d) Superimposed 2Fo-Fc nuclear (green) and electron (red) density
maps calculated from the joint refined X-ray (1.1A) and neutron (2.5A) structure of photoactive
yellow protein, showing residues Asn13. Note the N&2 group of Asn13 scatters neutrons more
strongly than X-rays and makes the determination of the orientation of Asn side chains much
easier and more accurate [16<¢]. (¢) Superimposed 2Fo-Fc nuclear (blue) and electron (red)
density maps calculated from the joint refined X-ray (1.8A) and neutron (2.2A) structure of
enzyme diisopropyl fluorophosphatase, showing the active site. Note that water molecules are
clearly oriented in the joint structure [9]. (f) A 2Fo-Fc nuclear density map calculated from
the refined 1.8A neutron structure of the enzyme o-xylose isomerase, showing a view of residue
His54. Although the protonation state of this residue is ambiguous in the atomic resolution
(0.94A) X-ray structure, it is clear from the nuclear density that both N51 and Ne2 are
protonated [6e¢].
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Figure 2.

Superposition of catalytic residues Lys77 and Asp43 from a fully deuterated aldose reductase
model (jointly refined against room temperature X + N diffraction data) with a room
temperature neutron (2.2A resolution) 2Fo-Fc map (magenta contours at 2¢) and a 100 K X-
ray high-resolution (0.8A resolution) Fo-Fc map (blue contours at 3¢). Both maps indicate that
Lys77 exists in a neutral (doubly protonated) conformation, shown in the model. This neutral
conformation, unexpected for a lysine residue hydrogen bonded to an aspartate, led to the
proposal of a new catalytic mechanism [4e]. Note that useful neutron diffraction data could
be obtained from a crystal with a volume of 0.15 mm3, radically smaller than usual for neutron
diffraction studies.
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