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1. ABSTRACT

Rubredoxin from the thermophilic archaeon Pyrococcus furiosus maintains its native structure at high temperatures
(100°C). In order to investigate the role of hydrogen bonding, hydration and chain dynamics in connection with its
thermostability, wavelength-resolved Laue neutron diffraction data have been collected from a mutant form of this
protein, PfRd (W3Y) onthe spallationneutron protein crystallographystation (PCS) at the Los Alamos Neutron Science
Center. Room temperature data were collected at 9 crystal settings for 12 hours at each setting, over a period of less than
5 days, to a nominal resolution of 2.1A (69% completeness, redundancy factor 2.5), from a crystal that had undergone
partial H,O/D,0 exchange. Preliminary results are described here and compared to those reported previously from
studies of the wild-type and a triple mutant from of the same protein.

2. INTRODUCTION

Pyrococcus furiosus is a thermophilic archeon found near geothermal vents on the ocean floor. Rubredoxin from P.
furiosus (PfRd) maintains its native structure at high temperatures (100°C) unlike rubredoxin from many other
organisms, for example that from the mesophile Clostridium pasteurianum (CpRd) whose optimal growth temperature
is 37°C. Rubredoxin has 53 amino acid residues, some of which are arranged in 3 b-sheets folded around a core of
hydrophobic side groups. Four cysteine residues from two opposing b-sheets are involved in binding an iron atom. It
has been suggested that the thermostability of PfRd may be related to its eight-residue hydrophobic core. Three of these
residues are different between PfRd and CpRd. The difference at position 3 (Trp3 in PfRd and Tyr3 in CpRd) is
particularly interesting, because not only is it part of the hydrophobic core, but this residue is also part of the small b-
sheet that appears to serve a number of structural roles. These structural roles include binding the iron atom and tying
down the C-terminal and N-terminal ends. A mutant of RfRd, in which three residues of the hydrophobiccore have been
mutated to those of CpRd, has been found to be significantly less stable than the wild-type PfRd at low pH. However,
NMR analysis of wild-type PfRd and the triple mutant (Zartler et al, 2001) and high-resolution low temperature X-ray
structures for the wild-type PfRd (0.95A) and CpRd (1.1A) (Bau et al, 1992, Dauter et al, 1996) have revealed no
striking differences.

The present study is the latest in a series designed to determine the contribution of hydrogen bonding, hydration and
dynamics to the thermostability of PfRd. It has been difficultto directly determine all the positions of H atoms in the
high-resolution, low temperature, X-ray structures of rubredoxin. Neutron diffraction has been shown to be a powerful
technique for locating H atoms even at medium resolution. What is more, neutron diffraction data can be collected at
room temperature, rather than the cryo-temperatures required for high resolution X-ray protein crystallography, because
thermal neutrons cause little radiation damage. Hydrogen has a relatively strong, but negative,neutron scatteringlength.
H atoms are therefore located as negative density peaks in neutron Fourier maps. Deuterium (D), an isotope of H, also
has a relatively strong and positive neutron scattering length, like those of O, C, N, Fe and S.

By dissolving the target protein in D,O rather than H,O prior to crystallization, almost all accessible labile H atoms
(i.e., most of those in O-H and N-H groups) have been replaced by D atoms. This increases the overall scattering power
of the crystal for neutrons at medium resolution where the negative scattering density of H atoms tends to cancel the
positive density of other atoms. The positions of individual D atoms and the orientation of D,O molecules can be
determined even at resolutionsof 2.2A after H,O/D,O exchange. Partial deuteration also reduces the incoherent scattering
from hydrogen in the crystal, which tends to contributeto high backgroundscattering and reduces the diffractionsignal.
Finally, and of particular significance in this study, H,O/D,O exchange can be used to probe dynamics. The extent of
H/D exchange inthe main chain amide groups, as determined in neutron Fourier maps, directly reflects local dynamics
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along the rubredoxin backbone chain.

The neutron structuresof the wild-type PfRd and a triple mutant (W3Y, 123V, L32]) have already been determinedusing
data collected on BIX-3 at JAERI (Kurihara et al, 2001 Chatake et al, 2002). This preliminary report concerns the
neutron structure of the W3Y (Trp3 —Tyr3) single mutant PfRd, determined from data collected at the spallation
neutron Protein Crystallography Station (PCS) at Los Alamos Neutron Science Center.

3. MATERIALS AND METHODS

3.1 Protein Production and Purification.
The W3Y mutant of PfRd was prepared as described previously (Jenney & Adams, 2001).

3.2 Crystallization and Deuteration.

Crystallization was carried out at the University of Southern California from a D,O solution containing 40mg/ml of
protein (ca. 6mM PfRd), dissolved in S0mM Tris/Tris-DCl buffer (pH 8.0) and 0.3M NacCl. The sitting drop method
was used with 40ml drops, 3.6M Na/K phosphate (pH 6.6) in D,O as precipitant, and with a sample-to-precipitant
volume ratio of 3:1 or 4:1. Crystals were harvested, crushed, and used as seeds. The stock seed solution was
successively diluted to the point where only one or two crystals appeared in the subsequent drop (Ducruix & Geige,
1992). If more than one crystal appearedafter seeding, a small amount of D,O was added until all but one of the crystals
were redissolved. In about 2 months the crystals reached volumes as large as 4mm’ at room temperature and were
stabilized after growth by increasing the phosphate concentration in the reservoir. The crystals were then transported in
3.8-4.0M phosphate solutions to the Bioscience division at Los Alamos National Lab where they were mounted and
sealed, along with some mother liquor, in clear fused-quartz capillaries with an inner diameter of 2.0mm. A number
of crystals were tested for neutron diffraction quality and one of the crystals with the longest dimension of 1.5mm was
used for data collection.

3.3 Data Processing

Diffraction data were collected at the recently-commissioned spallation neutron protein crystallography station (PCS)
at Los Alamos Neutron Science Center (Langan, Greene & Schoenborn, 2003a). At the spallation source neutrons are
produced in pulses at a rate of 20Hz. The neutrons are time-stamped and travel as a function of their energy down the
beam-line. By recording the time-of-flight (TOF) information of a detected neutron, its wavelength can be calculated.
The Laue data collected onthe PCS are therefore resolved in wavelength. The crystal sample and its deuterated mother-
liquor, sealed in a fused-quartz capillary, were mounted on the PCS kappa(50°)-circle goniometer. The omega axis was
kept at 90° to allow maximum flexibility in orienting the crystal, while keeping the physical bulk of the omega arm
from interferingwith the diffraction pattern.In all, wavelength-resolved Laue patterns were collected at room temperature
from 9 different crystal orientations with 12hr exposures at each setting, as summarized in table 1. The 9 settings can
be grouped in three kappa sets (with kappa increments of 25°), each at three phi settings with  =30°. A representation
of the data collected at one crystal setting is shown in Figure 1.

Table 1

Data Collection Parameters For Rubredoxin Single Mutant
Space Groups P2,2,2,
Unit cell dimensions (A)" a=34.32, b=35.31, c=44.23
Wavelength range (A) 0.6 -7
Station PCS
Temperature (K) 295
Crystal settings 9
Average time per setting 12 hours
Observed reflections 10315
Observed reflections d>2.1A 5357
Unique reflections d>2.1A 2184

* Unit cell parameters are from X-ray diffraction.
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Figure 1. Wavelength-resolved Laue diffraction data collected from PfRd single mutant displayed using d*TREK (Pflugrath, 1998, Langan &
Greene 2003b). Although the data is 3-dimensional (2 detector spatial dimensionsand a third wavelength (TOF) dimension) a 2-dimensional image
has been constructed by displaying at each detector pixel position the maximum value of that pixel over all wavelengths.

In this figure, the data collected at different wavelengths have been projected in the time dimension in order to construct
an image similar to a conventional Laue diffraction pattern.

The data over the wavelength range of 0.6-7A were processed using a version of d*TREK (Pflugrath, 1998) modified
for wavelength-resolved neutron Laue protein crystallography (Langan & Greene, 2003b). Out of each setting, a small
set of around 150 strong reflections was used by the program for indexing. Before proceeding further, to avoid
permuting the indices for a* and b* dimension due to the closeness of the a and b cell constants, the indexing was
compared (and re-oriented if necessary) to those from other settings for their consistency. This was accomplished by
visually examining the relative facings of the distinctive Laue reciprocal space coverage, as would be suggested by the
relative kappa and phi settings. Subsequent rounds of refinement of crystal orientation and several other parameters
brought the predictions to within 0.7x0.7mm from the spot centers for the chosen set of strong reflections. For all
reflections falling within the wavelength and resolution range, the predicted pattern was checked before integration to
see how well it matched the observed diffraction pattern. On average for each setting, 1500 reflections were integrated
within the wavelength range 0.6A to 7A and up to 1.5A resolution, and typically around 60 reflections around a nodal
point would be rejected due to spatial overlap with neighboring reflections.

The processed intensities from all crystal settings were scaled and wavelength normalized using LAUENORM
(Campbell & Helliwell et al, 1986). In order to obtain reasonable values for Rierge, the wavelength range was narrowed
down to 0.8A-4.5A and only reflections withI>3s were used in determining the wavelength scalingnormalizationcurve.
The final values are as follows: Ruyerge i 0.131 for all measurements of a reflection, with 2920 reflections; Rmerge 18
0.110 for measurements of a reflection of the same sign, with 2029 reflections; Rimerge is 0.096 for all measurements of
a reflection ofthe same sign and within1 = 0.1A, with 277 reflections. Reflections in the wavelength range 0.8A-4.5A
were binned into 10 wavelength intervals and the normalization curve was determined from a Chebyshev polynomial
of order 5. The data were output in unmerged form so that SCALA (Evans) could be used for statistical analysis. Table
2 shows the values of Ryeree and completeness as a function of resolution. The value of I/s flattened off beyond 2.1A,
suggAesting that this is about the limit of diffraction. The completeness of the datain the outmost resolution shell (2.1A
-2.24A) is 63%.

Table 2
Data Processing Statistics for W3Y mutant of PfRd

Rinerge (I>1.5s) and completeness (%Comp) verses resolution for the rubredoxinsingle mutant. The cumulative Ryeree and completeness are
also given (CumRperee, Cum%Comp). Thes, corresponds to the standard deviation in merging reflections as opposed to s, the error involved
in measuring individual intensities.

Resolution Num. %Comp Cum Rinerge CumRnerge <I/s;>
Refs. %Comp

o - 6.64 208 85.2 85.2 0.076 0.076 29.3
-4.70 426 80.3 82.0 0.093 0.086 22.7
-3.83 522 79.4 80.8 0.104 0.094 20.9
-3.32 558 74.5 78.6 0.123 0.102 15.2
-2.97 587 70.2 76.2 0.156 0.111 10.8
-2.71 606 69.6 74.6 0.131 0.113 6.2
-2.51 626 66.8 73.0 0.213 0.118 33
-2.35 607 64.3 71.4 0.192 0.120 2.6
-2.21 608 65.9 70.6 0.231 0.123 2.0
-2.10 609 62.8 69.4 0.236 0.125 1.4
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3.4 Structure Refinement and Water Identification

Structure refinement was carried out using SHELX-97 (Sheldrick, 1997) with scattering factors modified for neutron
diffraction and additional geometric restraints involving the H/D atoms of the backbone amide groups and the NH;
group of the terminal lysine. The low temperature X-ray model of the same W3Y mutant of PfRd (Tsyba, 2002), with
all water molecules and hydrogen atoms removed and all thermal parameters set to isotropic values, was subjected to
rigid body refinementagainst the neutron diffractiondata. Then tertiary C-Hs, secondary C-H2s and methyl groups were
located by examining the difference Fourier maps using the graphics display program O (Jones, Alwyn, 1991), and were
added if they led to an improvement in the R-factor. The thermal parameters of these H-atoms are tied to the
corresponding C atom by a factor of 1.2. Afterwards, labile H atom positions (those of O-H and N-H bonds) were
checked for any indication of deuteration in the protein molecule and the model was modified accordingly. Next,
successive rounds of water identification/removal were carried out by careful examination of Fourier difference maps,
the local geometry and the consistency between different rounds of refinement. At this stage, 56 water molecules have
been included in the model but only as single O atoms. Deuterium atoms will be added in subsequent stages of
analysis. Finally, the site occupancy factors for the labile amide H/D atoms, which are telltale parameters for the
backbone movement/accessibility, were refined Figure 3. The current R-factor (Z(|Fol-|Fc|)/Z|Fo| for all reflections
>1.50) is 30.1%. The medium resolution of the data set makes the data to parameters ratio (2469 reflections and ~800
atoms) precariously low. During every step of the refinement, efforts were made to reduce the number of parameters by
using geometric restraints, such as defining the peptide bonds and the aromatic rings as rigid groups.

4. RESULTS AND DISCUSSION

The data collection time of less than 5 days using the PCS instrument is relatively short compared to the weeks, even
months, typically required in neutron protein crystallography. This is largely due to the wavelength-resolved Laue
technique, which has all of the advantages of the conventional Laue method, including rapid coverage of reciprocal
space, but does not suffer to the same extent from reflection overlap and background accumulation, because the spots
and the background scattering are resolved in wavelength. The quality of the data and the power of neutron diffraction
for locating hydrogen atoms and water molecules at medium resolution are illustrated in Figures 2, 4 and 5. Figure
2 shows a section of a 2.1A 2Fo-Fc sigma-A (Read,R., 1986) map in the region of Tyr10 calculated without including
the labile H/D atom positions in the phases. The density associated with the hydroxyl group clearly indicates the
orientation of this group and also shows that the labile H atom has been replaced by a deuterium atom. A full analysis
of this data is revealing a wealth of information on hydration and backbone chain dynamics.

Figure 2. A section of the 2.1A 2Fo-Fc sigma-A map in the region of Tyr10 calculated withoutincluding the labile H/D atom positions in the phases.
Positive density associated with the hydroxyl group clearly indicates the orientation of this group and shows thatthe labile H atom has been replaced
by a D atom.
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4.1 H/D Exchange Of The Backbone Amide Hydrogens

At the last step of the refinement, the site occupancies of the labile H/D atoms of the backbone amide groups were
refined and compared to other neutron diffraction studies of the wild-type protein (Kurihara, et al.) and one triple mutant
of PfRd (Chatake et al.). The preliminary result, shown in Figure 3, is quite consistent with the other studies: the
amide H/Ds of Tyr12 (Figure 4), Cys38 and Ala43 have quite limited deuterium exchange. However slight differences
in deuterium exchange in Cys5, Asn21 and Asp34 are observed and will be subjected to further study. In particular,
it is intriguing that in all three studies, the exposed amide of residue 34 appears to be partially resistant to deuteration.

1.2
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0.4 ‘ I ] i n

02 1 . | |

0 T T T T T
0 10 20 30 40 50

refined occupancies of D atom
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Figure 3. Refined occupancies of D atoms in the amide N-H positions in the W3Y mutant of PfRd. The very low occupancies of amide D atom
in residue 12, 38 and 43 are consistent with the neutron studies in the native PfRd and a triple mutant. However, site 21 and 34 have lower values
for the W3Y mutant than those from the native and the triple mutant. Note that for five prolines, their non-existent amide H/Ds are assigned with
full D occupancies to make the curve continuous.

Figure 4. A section of the 2.1A 2Fo-Fc Sim-weighted electron density map contoured at 1.50 shows the part of a beta sheet with some partially
exchanged backbone amide sites. In the middle partof the map, the lack of density at the H/D site of the amide of Tyr12 clearly shows this site’s
resistance to H/D exchange.
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4.2 Conserved Water Molecules.

Quite a few water molecules are found conserved among the neutron structures of the three proteins: native (Kurihara,
et al.), single W3Y mutant (this work), the triple mutant (Chatake, et al.), as well as the X-ray structure of the W3Y
mutant. These conserved waters are mostly in the immediate vicinity of the protein backbone, presumably serving
important structural roles in the protein’s folding and clearly not affected by the mutations that occur some distance
away. In particular, the water molecule that pins down the ends of 3 side chains (Tyr3, Glul4 and Glu30), is in a
strategic position connecting disparate parts of the protein and serves to pull together the regions near the N and C
terminals. Another water molecule, H-bonded to the oxygen of Val37, the H/De2 atom of Trp36 and the 082 atom
of Aspl8, is buried inside the protein fold. Not surprisingly, this water molecule, which appears to be indispensable
for protein folding, is also conserved in all four structures. A third water molecule, H-bonding to the amide H/D of
Ser24 and situated very close to the [23V mutation site, is also conserved. Another example of a highly conserved water
molecule, H-bonded to Lys45’s amide H/D, Asp34’s O and Trp36’s O, is shown in Figure 5. But a reliable analysis
of the exact role that hydration plays in thermostability has yet to wait until further refinement is completed.

Figure 5. A section of the 2.1A 2Fo-Fc Sim-weighted electron density map contoured at 1.5 o showinga water molecule (only the oxygen position
is modeled) conserved among the native, single W3Y and a triple mutant structures. This water molecule is H-bonded to Lys45’s amide H/D,
Asp34’s O and Trp36’s O (not shown) and plays an important structural role.

5. CATEGORIZATION OF WATER MOLECULES

We can roughly categorizethe waters around the protein in three groups. One category directly participatesin the folding
of the protein, i.e., in fixing the beta-turns, in linking side chains and in sealing the loose ends of the terminal part of
the protein. A second category would be water molecules in the immediate surrounding shell of the protein, connected
to either the backbone or some important side chains. The third type of water molecules, whose oxygen atoms are
observed, can be seen to fill a portion of space between the packed protein molecules.

6. CONCLUSION

The TOF Laue neutron technique using a spallation source has been shown to be an efficient way to collect data in this
preliminary study. The medium resolution data described here, collected in a short period of time, offers adequate
information for us to examine important deuterationsites and hydration patterns. In this study, similar, though slightly
different, backbone accessibility with that of the native and triple mutant of PfRd is observed. In comparisons between
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the single, the wildtypeand the triple mutant, several water molecules are found to be conserved This strongly suggests
an important structural role played by these water molecules.

The current study is still on going (and the final results will be published elsewhere). Future experiments will involve
extending these studies to higher levels of resolution, and exploring in further detail the changes in backbone H/D
exchange levels.
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ANALYSIS OF NEUTRON LAUE DIFFRACTION FROM
DEUTERIUM-EXCHANGED 7RP REPRESSOR

Catherine L. Lawson and Alexander S. Chin
Department of Chemistry and Chemical Biology,
Rutgers University, 610 Taylor Road, Piscataway, NJ 08854, USA
cathy.lawson@rutgers.edu

1. ABSTRACT

Results of preliminary neutron Laue diffraction measurements of wild-type variant Val 58 — Ile of the E. coli trp
repressor are reported. Limited model refinement alternating between 2.1 A neutron data and 1.4 A X-ray data has
yielded estimates of H-D exchange along the polypeptide backbone. Protonation of a side-chain carboxyl is also
revealed. These results demonstrate the unique ability of neutron diffractionto identify protein hydrogenatom positions
at moderate resolution. Improvements in crystal preparation and refinement protocols that would increase the general
utility of the neutron diffraction method are discussed.

2. INTRODUCTION

Hydrogen atom positions of crystallized macromolecules and their associated solvent can be identified by measurement
of high-resolution neutron diffractiondata [1-4] Widespread application of neutron diffraction to the study of solvent
structure in biological systems has historically been hindered by the requirement for well-ordered crystal specimens
significantly larger than those needed for X-ray analyses. However, several recent improvements in the method have
lowered the minimum crystal volume to about 1 mm® [5-9]. Employing a neutron source with moderate energy
bandpass greatly increases data collection efficiency, since multiwavelength Laue patterns contain many more reflections
than corresponding patterns from a monochromatic source [10,11]. This approach has been successfully developed for
neutron protein crystallography [12,13] and has now been utilized for neutron measurements in a number of different
crystal systems [14-17].

The E. coli trp repressor (trpR) is a small, dimeric, ligand-activated DNA-binding protein of the helix-turn-helix motif
type (12,500 Da per subunit). Because solventplays a critical rolein the high affinity interaction between trpR and its
cognate operator DNA sequences [18-20], a complete description of the interaction chemistry awaits elucidation of
hydrogen-atom positions. While it is not currently feasible to prepare large crystals of trpR/operator DNA complexes,
X-ray analyses indicate that the solvent structure of trpR crystallized by itself resembles that of trpR bound to DNA
[20]. Neutron diffraction studies of trpR by itself can thus provide new insight into the role of solvent in complex
formation. A variant trpR bearing the single mutation Val 58 — Ile has structure and activity indistinguishable from
wild-type, but fortuitously forms large orthorhombic crystals (up to 0.5 mm’) in hanging-drops [21-23]. We recently
reported crystallization and preliminary neutron Laue diffraction to 2.1 A from a deuterium-exchanged crystal with 1
mm’ volume [24]. Here, we provide an analysis of the preliminary data, aided by complementary X-ray diffraction
measurements.

3. METHODS

3.1 Neutron Diffraction

Recombinant expressionin E. coli, purification, production of orthorhombic crystals in 2.4 M sodium phosphate, pH
5.0, and preliminaryneutron diffraction of I58trpR have been reported [24]. To minimize incoherent background scatter
of neutrons from 'H atoms, selected crystals were transferred in conservative steps to fully deuterated solution (2.5 M
sodium deuterium phosphate, 0.5 M sodium chloride, 2.0 mM L-tryptophan in D,O). Approximately 1 month later
they were transported from Rutgers University to the EMBL-Grenoble Outstation. Neutron Laue diffraction data were
collected at 293 K using the LAue DIffractometer (LADI) neutron sensitive image plate detector at the Institut Laue
Langevin (ILL).
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3.2 X-ray Diffraction

A second, smaller crystal also exchanged to deuterated solution was mounted in a glass capillary and its X-ray
diffraction pattern was measured at room temperature to a resolution limit of 1.4 A at Beamline X12B of the
Brookhaven National Laboratory National Sychrotron Light Source. The incident X-ray beam was monochromatic and

tuned to A=1.1 A. Images were collected on an ADSC Quantum IV detector. Reflections were processed using the
HKL package [25].

3.3 Refinement

Maximum likelihood model refinement was performed using CNS v. 1.1 [26], with the following modifications. A
file containing the neutron scattering lengths for atoms C,H,O,N,S,P, and D was generated and placed in the directory
CNS XRAYLIB. Parameter and topology files for protein and water were modified such that all exchangeablehydrogen
atoms were renamed to deuterium (e.g., the main-chain amide "HN" was renamed to "DN"). The complete set of
modified files is available from the corresponding author on request.

The 1.3 A refined X-ray structure of I58trpR (PDB entry 1JHG) [22,23] was the starting point for refinement, with all
hydrogen atoms, water and minor side-chain conformersremoved from the coordinate set. H and D atom positions were
then generated with CNS. Refinement was cycled as follows: (a) positional refinement of all atoms against the X-ray
data, (b) isotropic temperature-factor refinement for all atoms against the X-ray data, with strong neighbor restraints to
provide reasonable values for H and D atoms, (c¢) positional refinement of H and D atoms against the neutron data with
strong harmonic restraints, and (d) occupancy refinement of deuterium atoms against the neutron data to yield their
exchange state. Deuterium occupancy was permitted to vary between -0.57 (the scattering length of hydrogen divided
by the scattering length of deuterium) and +1.0. R-free [27] was monitored for each refinement step. The X-ray test
set consisted of 5% of measured X-ray reflections. The neutron test set consisted of neutron reflections with 44/ indices
in common with the X-ray test set. Bulk solvent correctionwas used throughout refinement, with automatic estimation
of solvent density level and B-factor.

4. RESULTS AND DISCUSSION

Reflections resulting from neutron Laue diffraction measurements of the deuterium-exchanged crystal were indexed as
primitive orthorhombic, with unit cell parameters of a= 53.6 A, b=53.3 A, and ¢=32.7 A, and systematic absences
corresponding to space group P2,2,2, consistentwith prior X-ray studies [23,28,29]. Although measurement redundancy
is low, completeness is better than 90% for reflections in the resolution range 50-3.0 A. The unit cell parameters
derived from post-refinement of the monochromatic X-ray diffraction data, = 53.42 A, b =53.23 A, and ¢=32.62 A,
were employed for refinements against both neutron and X-ray data. Summary statistics for both data sets are given
in Table 1 (following page).

Structure factors calculated using neutron scattering lengths for non-hydrogen protein atoms of X-ray model 1JHG
[22,23] have an initial R-value of 36% against all 4057 unique reflections of the merged neutron data set. Standard
crystallographic refinement of 1673 atom positions (H plus non-H), thermal factors and H/D occupancies in the crystal
asymmetric unit is not possible; a neutron dataset with at least twice as many reflectionswould be required. However,
the limited model refinementprotocol describedin Methods produced modest improvementsin model statistics against
the neutron data (Table I), and provided chemical informationuseful for design of future neutron diffractionexperiments.
The most significant improvement to the neutron model statistics (AR-free = -0.039) occurred when individual
deuterium atom occupancies were refined. At this step, deuterium atom temperature factors were held close to X-ray
refined values for heavy-atom neighbors. We therefore anticipated that the neutron refined occupancy values would
provide a reasonable estimate of H>D exchange for all well-predicted hydrogen positions, including the 97 amide
protons of the polypeptide main-chain, as shown in Figure 1. The plotted occupancyvalues do appear to be chemically
meaningful by the following criteria: (1) thereis a strong correspondence with relative exchange rates of trpR backbone
protons measured in solution by NMR [30,31], (2) un-exchanged amide protons map without exception to well-ordered
regions with poor solvent-accessibility in the crystal lattice, and (3) near-complete exchange within the N-terminus of
helix A, all of helix D, and much of helix E is consistent with relative mobility of these regions in both crystal and
solution states.

Based on refined D-occupancy values, the average main-chain amide proton exchange is 65% for a cr}(/stal soak of 1.5
months. Using a single exponential function as a crude model for the exchange process (1.0 - ¢*) leads to the
conclusion that a minimum soak period of at least 4 months would be needed to achieve 95% backbone exchange. In
contrast, even the slowest backbone amide protons would be fully exchanged within a few weeks in solution, based on
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rate constants measured at45 °C by NMR [31]. Clearly, crystalline trpR has significantly reduced mobility and solvent
accessibility.

Historically, the standard protocol for neutron diffractionexperiments is to perform deuteriumexchange in the crystalline
state over long time periods (months to years). To obtain near-completedeuterium exchange needed to optimise signal-
to-noise in neutron diffraction, it would be more efficient to perform the exchange in solution prior to crystallization,
and then perform crystallization with deuterated solutions. With improvements in the efficiency of neutron facilities
leading shorter data collection times [5], parallel reductions in sample preparation time will be essential to maintain a
steady flow of projects.

Table 1
Monochromatic X-ray and Neutron Laue Diffraction Statistics, Model Statistics

Monochromatic X-ray Neutron Laue

beamline NSLS X12B ILL LADI
incident wavelength (A) 1.1 2.8-3.8
resolution range (high res. shell) 50-1.4 (1.45-1.4) 50-2.1 (2.2-2.1)
reflections measured 149723 (8633) 10102 (527)
unique reflections 18464 (1506) 4057 (280)
<l/ol> 27.5 (8.8) 5.5(3.5)
Completeness 0.972 (0.808) 0.726 (0.543)
R-merge 0.036 (0.190) 0.114 (0.205)

starting model R-value(R-free)
current model R-value (R-free)

0.224 (0.243)
0.243 (0.246)

0.354 (0.369)
0.304 (0.313)

# model atoms* 1673
D 198

H 647

C,N,O,S 828

*one polypeptide chain (residues 8-108), one L-tryptophan ligand, and one phosphate anion, no waters.
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Figure 1. Main-chain amide deuterium exchange in orthorhombic #rp repressor. Exchange values were obtained by refining deuterium occupancy
as described in Methods. The six trpR protein helices are indicated (A-F). 100%D corresponds to refined D-occupancy of +10, 100%H
corresponds to a refined D-occupancy of —0.57.

10



Analysis of Neutron Laue Diffraction from Deuterium-Exchanged TRP Repressor

Using phases from the limited-refinement model, 2Fo-Fc and Fo-Fc neutron maps were generated and inspected and
also compared to corresponding X-ray maps. For deuterium soaked protein crystals, negative scattering by 'H atoms
leads to discontinuities in the neutron map that are particularly prominent in hydrophobic regions of the protein
structure. Incomplete data (27% missing over the 50-2.1 A resolution range), and deficiencies of the phasing model
were additional major factors limiting neutron map quality. Despite these limitations, the neutron map provided useful
information about side-chainhydrogen positions that were not readily apparent from inspection of the 1.4 A X-ray map.
For instance, the neutron map clearly showed the hydrogen atom positions of side-chain amide groups (Asn, Gln), and
in two cases revealed that amide O and N atoms had been incorrectly assigned in the prior 1.3 A X-ray structure. In
addition, as shown in Figure 2, protonationof the side-chain carboxyl group of an aspartate residuewas evident, a result
consistent with the acidic pH of the crystal environment.

Attempts to further improve the quality of the model against the neutron data have not been successful. Positional
refinement of all atoms against the neutron data leads to degradation of the model, and in any case is not justified
because the data-to-parameter ratio is less than 1. Although there are many oxygen electron density peaks for water
molecules strongly bound at the protein surface in the X-ray map, neutron maps phased either with or without bulk
solvent correction do not show strong peaks at the X-ray identified sites. Addition of thirty water oxygen atoms with
strong density in X-ray maps did not improve the neutron model statistics.

Since there are always nearly twice as many scatterers to account for in neutron diffraction as compared to X-ray
diffraction, poor observed data-to-modelparameter ratio will always be a concern with moderate-resolutionneutron data.
Simultaneous (or "joint") model refinement against both neutron and X-ray datasets is therefore highly desirable. This
approach was implemented successfully by Wlodawer in the 1980's for three different structures [32-34]. Inclusion of
such an option in modern crystallographic refinement packages would tremendously increase the utility of the neutron
diffraction technique and would facilitate the routine production of complete-atom models.

Figure 2. Main-chain amide deuterium exchange in orthorhombic #p repressor. Exchange values were obtained by refining deuterium
occupancy as described in Methods. The six trpR protein helices are indicated (A-F). 100%D corresponds to refined D-occupancy of +1.0,
100%H corresponds to a refined D-occupancy of -0.57.
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Additional improvements to data quality, resolution, and map interpretation should be gained by carrying out the
neutron diffraction experiment with fully deuterated protein. This procedure removes incoherent scattering from 'H that
contributes to background noise, and results in positive density for all atoms [8,35,36]. Preparation involves growth
of the recombinant protein in fully deuterated cell culture media. A final exchange step either before or after
crystallization restores full deuteration for the diffraction experiment.
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1. ABSTRACT

The development and status of single crystal diffraction facilities at the ISIS spallation neutron source in the UK are
reviewed, with particular reference to their applications in chemical crystallography and moving towards the study of
larger structures. The achievements of the SXD instrument over the last few years are summarised, and details given
of the recent upgrade of the instrument to encompass 11 area position-sensitive detectors, offering coverage of >50%
of the available solid angle. The early impact of "SXD-11" is assessed, with reference to its anticipated limitations in
terms of unit cell volume and crystal size. Plans for the recently funded ISIS Second Target Station (TS-2) are also
discussed. TS-2 will be optimised for the production of cold neutrons, making it ideally suited to the study of larger
structures. Developments of relevance to large molecule chemical and biological neutron crystallography will be
summarised, including details of the planned high flux, large molecule crystallography instrument, LMX.

2. INTRODUCTION

Neutron diffraction is the method of choice for many crystallographic experiments. The nature of the scattering of
neutrons by atomic species is such that the technique offers a description of all atoms in a structure at approximately
the same level of precision. This is due to the fact that neutrons are scattered by the nucleus rather than the electrons
in an atom, and hence the scattering power does not have the strong dependence on Z found for many other scattering
techniques such as X-ray or electron diffraction.

These properties give neutron diffraction the following features compared with other techniques:

It is easier to sense light atoms, such as hydrogen, in the presence of heavier ones. For example, in the presence of
relatively light carbon atoms, a hydrogen contributes only 1/36 (less than 0.03) of the X-ray scattering intensity
from a carbon atom. The equivalent ratio for neutrons is around 0.32, meaning that hydrogen atoms are, roughly
speaking, determined around 12 times more accurately with neutrons than X-rays in the presence of carbon atoms.
This factor generally increases as the atomic number of the “heavy” atom increases, reaching 41 for H in the presence
of oxygen (and almost 1100 for hydrogen in the presence of lead);

Neighbouring elements in the periodic table generally have substantially differentscattering cross sections. For example
manganese and iron have Z= 25 and 26, respectively, giving a very small contrast for X-ray scattering while the
respective neutron scattering lengths (-3.9 fmand 9.5 fm) are not only different in magnitude but also in sign, giving
large contrast. For light elements in particular this is the only practical direct method of distinguishing neighbouring
elements;

The dependence of the scattering on the nucleus allows isotopes of the same element to have substantially different
scattering lengths for neutrons, thus allowing the technique of isotopic substitution to be used to yield structural and
dynamical details. In the area of organic and biological molecular structures, the most relevant isotopic substitution
is that of *H (deuterium, scattering length 6.67 fm) for 'H (hydrogen, scattering length —3.74 fm). This also allows
the use of contrast variation, where the scattering density of different parts of a molecule or of an H,O-D,O mixture is
altered. This method is extremely powerful and has been a key to many successful applications of the technique of
neutron scattering in chemistry and biology;

The lack of a fall-off in scattering power as a function of scattering angle gives neutron diffraction and ability to study

structures to very high resolution, although even for neutrons there will always be a fall-offin scattered intensity caused
by thermal effects.
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Among the other properties of the neutron which make it a probe of structure complementary to other techniquesis the
fact that neutrons interact weakly with matter and are therefore non-destructive, even to complex or delicate materials
— this is particularly relevantin the study of biological materials. Correspondingly,neutrons are a bulk probe, allowing
us to probe the interior of materials, not merely the surface layers probed by techniques such as X-rays, electron
microscopy or optical methods. Neutrons also have a magnetic moment, allowing magnetic structure (the distribution
of magnetic moments within a material) and magnetic dynamics (how these moments interact with each other) to be
studied in a way not possible with other forms of radiation.

3. NEUTRON CRYSTALLOGRAPHY OF MOLECULAR MATERIALS

Neutron scattering has played a major role in developing an understanding of how structure affects the properties of
crystalline materials, in areas of relevance to much of modern structural chemistry [2]. Areas accessibleto single crystal
and powder neutron diffraction include organic materials, pharmaceuticals, small biological macromolecules, zeolites,
polymer electrolytes, battery materials, catalysts, superconductors, time-resolved and in situ studies, and chemical
magnetism [3]. Neutron diffraction experiments are often carried out under extreme conditions of sample environment
such as high and low temperature, under controlled atmospheres, high pressure and in chemical reaction cells. The
combination of X-rays and neutrons is powerful in many studies, includingthe characterisationof host-guestinteractions
in, for example, zeolites, and in determination of charge distributions in crystal structures.

Specifically in molecular systems, neutron diffraction is essential for obtaining the most definitive answers to structural
problems. Neutron diffraction is unparalleled in its ability to locate hydrogen atoms and refine their positions and
thermal parameters. Hydrogen atoms (e.g. hydride ligands) can be located in organometallic complexes [4-10] far more
reliably than by any other method. Much of the structuralwork on hydrogen bonded systems (e.g. amino acids, nucleic
acid components, carbohydrates, cyclodextrins) has used neutron diffraction [11-22]. In addition, determination of the
hydrogen anisotropicdisplacement parameters in short O...O hydrogen bonds allows, for example, the deduction of the
shape of the potential well in which the atom sits [23-26]. Neutron single crystal diffraction has an important role in
defining the patterns of “weak” intermolecular interactions in complex molecular and supramolecular structures,as these
often crucially involve hydrogen atoms [27-29]. This leads directly to a strong impact in the expanding area of
molecular and crystal engineering [1, 2]. Neutron diffraction also gives complementary information to X-ray diffraction
for charge density studies [30-35]. In these X-N studies the neutron parameters fix the nuclear positions and the X-ray
data determine the electron density involved in bonding and non-bonding interactions.

In addition to the major impact the technique has had in chemical crystallography,single crystal neutron diffraction has
made a significant and important contribution in the determination of biologically important structures. There are
several examples where single crystal studies of proteins have had a profound influence on our understanding of how
the protein might function. An excellent summary of the application of single crystal neutron diffraction in the
biological area has recently been given by Knott and Schoenborn[36]. They point out that in X-ray diffraction studies
of biological molecules the location of hydrogen atoms is often at best inferred from stereochemical arguments which
can be unreliable and misleading.

In the field of structural biology, the relation between structure and function has been established since the early days
of protein structure determination. A full understanding of this relationship depends on an appreciation of the detailed
molecular interactions involved. These interactions occur through mechanisms such as hydrogen bonding, charge
transfer and other non-bonded interactions,and many of these are governed by the location of hydrogen atoms. Accurate
neutron diffraction studies can define to high precision the geometry of an active site, and the role which this may play
in important interactions, for example with drug molecules. Hydrogen atoms inevitably decorate much of the outer
regions of both protein molecules and interacting small molecules. Many important protein functions can thus depend
on the presence or absence of just one hydrogen atom and it is clearly important to locate these accurately.

It is this crucial aspect of the role of hydrogen atoms in biological function that has led to the continued pursuit of
routine neutron protein crystallography through many years of effort and in spite of the intrinsic difficulty of the
experiments. In addition to the obvious application of accurate hydrogen atom location [37-47], there are other areas
where single crystal neutron diffraction has a unique contributionto make in this field. The ability of neutron scattering
to distinguish clearly nitrogen from carbon and oxygen is important, for example in determining the orientation of
histidines, and in resolving other conformational ambiguities [48]. The very large scattering length difference
(“contrast”) between hydrogen and deuterium can be exploited to allow the determination of exchangeable hydrogen
atoms [49], yielding information on protein dynamics and on solvent accessibility. In a traditionally powerful area of
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application of neutron single crystal studies, analysis of thermal motions of hydrogen-containinggroups in the structure
can give information on the physics underlying the structure [S0]. The ordered solvent structure around protein
molecules has also been elucidated by high resolution neutron single crystal diffraction studies [51-53]. X-ray
diffraction will provide information on the oxygen atoms, but only neutron studies will reveal the orientation of the
water molecules by locating the hydrogens. The fact that typical protein crystals are more than 50% solvent emphasises
the importance of such studies. Furthermore the predominance of water in real biological environments emphasises the
importance of understanding protein-solvent interactions in this way.

3.1 The ISIS Spallation Neutron Source

This section concentrateshere on the achievements and potential of single crystal diffractionat the ISIS pulsed spallation
neutron source at Rutherford Appleton Laboratory inthe UK. The characteristics of a pulsed spallation source are very
different to those of a reactor neutron source. The production mechanism itself is a dynamic process, being based on
an accelerator rather than a steady state reactor. The word “spallation” comes from a mining term meaning to chip,
evoking visions of an impact mechanism for neutron production in such sources. This is more-or-less the case.
Charged particles are accelerated to high velocities (and hence energies) in the accelerator before being fired at a heavy
metal target. The consequent impacts induce nuclear processes which produce neutrons (typically tens of neutrons for
each incident accelerated particle). As this method is less well known than steady-state fission (reactor) based neutron
production, a more detailed account of the neutron production process at ISIS, the spallation neutron source at
Rutherford Appleton Laboratory in Oxfordshire, UK follows.

The production of particles energetic enough to lead to efficient spallation involves three stages. First, an ion source
produces H™ ions that are accelerated in a pre-injector column to 665 keV. In the linear accelerator, the second stage,
the H- ions pass through four accelerating radio frequency cavities to reach an energy of 70 MeV. At injection into the
third acceleration stage, the synchrotron, the electrons are stripped from the H ions by a very thin (0.25 wm) alumina
foil, producing a circulating beam of protons. The proton synchrotron,of 52 m diameter, accelerates2.5 x 10" protons
per pulse to 800 MeV, before they are extracted and sent to the target station. This entire process is repeated 50 times
a second. The spallation targetis made from a heavy metal such as depleted uranium, tantalum or tungsten. The highly
energetic protons produce neutrons by chipping nuclear fragments from the heavy metal nucleus. For example, for an
800 MeV proton beam some 15 neutrons are typically produced by each proton hitting a tantalum target. Importantly,
in terms of potential future developments of spallationsources for enhanced neutron production (and of target-moderator
assemblies - see below), this process is of low power (ISIS currently operates at 160 kW, compared with high flux
reactor sources of many 10s of MW).

Around the target there is an array of small hydrogenous moderators to slow down the neutrons to thermal or close to
thermal energies. There are three moderators at ISIS: one at ambient temperature (316 K, H,O), one of liquid methane
(100 K, CH,) and the cold moderator of liquid hydrogen (20 K, H,). To preserve the sharpness of the initial 0.4 ps
neutron pulse, the ISIS moderators are small (typically 10x10x5 cm’). The resultant under-moderation gives a rich
epithermal component to the spectrum, with a high flux of high energy, short wavelength neutrons.

3.2 Time-of-flight Laue diffraction and SXD

The pulsed nature of a source such as ISIS makes it essential to exploit time-of-flight techniques on white neutron
beams. For neutrons producedin a pulsed manner, using accelerator-basedmethods, the productiontime of the neutrons
can be precisely defined as the moment when the proton beam hits the target. It is thus possible, by recording the
arrival time of each neutron at the detector, to determine its wavelength providing the flight path is known. Each
neutron detected is thus time-stamped, giving a direct determination of its velocity and hence its energy and wavelength.
The use of white beams, sorted using the time-of-flight technique, allows fixed scattering geometries to be adopted
which greatly simplifies the use of complex and extreme sample environments.

Time-of-flight Laue neutron diffraction remains arelatively novel technique for the determination of crystal structures.
The method exploits the time-sorted white beams available from a pulsed source, along with large area position-
sensitive detectors, to allow the simultaneous measurement of fully-resolved three dimensional volumes in reciprocal
space. By appropriate use of wavelength dependent corrections, the technique can easily be used in “standard”
crystallography - structural refinement. The advantages of time-of-flight Laue diffraction in structure determination are
that many Bragg reflections are collected simultaneously, allowing the instrumentationto be optimised fairly easily for
each data collection. Time-of-flight Laue is the optimal white beam method, allowing the separation of Laue orders
and also separating the diffraction pattern generally into three dimensions. This both avoids accidental reflection
overlaps (frequently as much or more of a problem than the precise overlap of Laue orders) and stretches the “Laue
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background” resulting from the incoherent scattering from the hydrogen content of the samples. Thus the whole pulse
(all wavelengths) can be used with impunity.

In the period since the successful provision of an appropriate array of PSDs on the single crystal diffractometer SXD
at ISIS (early-mid 1990s) [54-56],the instrumenthas establisheda strong programmein small molecule systems [57-79,
Figure 1]. In particular the instrument has played a major role in the re-establishment of genuine variable temperature
and more recently variable pressure approachesto single crystal neutron diffraction. SXD has been in the vanguard of
moving neutron single crystal diffraction into regimes more suited to modern structural methods, for example towards
one-day collectionfor average samples and allowing for fastest data collection times of only a few hours. SXD has over
several years established an excellent reputation for innovative studies in a range of investigations of structural changes
in molecular systems [80-93, Figure 2].

Figure 1. Typical SXD structure refinement of a small molecule system (the receptor molecule acetylcholine, studied as its bromine salt [60]),
showing the fully anisotropic refinement of all atoms, including hydrogen, enabled by the use of neutron diffraction.

& » & >®

Figure 2. The use of SXD in “parametric” studies of molecular structures is illustrated in this view of the structural evolution of aspirin [88,
92].

SXD has recently been the subject of a major upgrade funded by the UK Engineering and Physical Sciences Research
Council. The main features of the “SXD-11" upgrade project were the provision of an 11 position-sensitive detector
array yielding 2 sr solid angle coverage Figure 3, along with enhanced beam tailoring characteristics and an initial
benchmarking of the options for neutron beam focusing for smaller single crystal samples. The enhanced performance
of the instrument has been reflected in excellent early performance in the new configuration [94-100; Figure 4]. The
instrument remains, however, optimised for the study of smaller unit cell materials (up to 2000-3000 A”).
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Figure 3. Schematic view (left) and picture (right) of the new SXD-11 instrument and its detector array.
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Figure 4. The effect of pressure and temperature on the hydrogen bond inthe maleate ion in potassiumhydrogen maleate studied onthe upgraded
SXD-11 instrument[96, 97]. The large sampling of p,T space made possible by the new instrument configuration is highlynovel for neutron single
crystal diffraction.

In moving beyond the current capabilities, in addition to many potential applications in chemistry, one area to be
tackled by future developments is of particular interest in this Symposium, neutron crystallography of biological
materials. As outlined above, the power of neutrons in determining solvent water structure, hydrogen bonding schemes
and precise active site geometry in proteins is proven but applicationsto date, especially at pulsed neutron sources, have
been limited due to the lack of appropriate instrumentation [101]. Much of large molecule organic and modest sized
biological single crystal work should ideally be accessible in data collection times of around a week, even from the
small single crystals which are likely to be available. Higher flux, improved dedicated instrumentation, more cold
neutrons and more detectors are the keys to success in this area. Recent significant advances in addressing this area at
other sources are covered elsewhere in this volume, here the potential at ISIS is discussed.

4. THE SECOND TARGET STATION AT ISIS (TS-2)

The ISIS Second Target Station [102], recently funded in the UK, will help to tackle this area. TS-2 will be optimised
for specific cold neutron and high resolution studies at low repetition rate, by optimising the design of both the target
and moderators for these applications. Substantial gains in performance of more than an order of magnitude over the
original Target Station can be achieved in these areas. The Second Target Station enables optimisation to be made for
the low power levels generated at the target, producing significant gains in cold neutron flux. The geometries of the
moderators and target can also be optimised for cold neutron production. The removalof adsorbing ‘decoupling’ material
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also provides a significant enhancement in cold neutron flux from so-called coupled moderators. This latter effect also
naturally results in a broadening of the neutron pulse width that must be taken into account when designing
instrumentation. The design of the Second Target Station will thus be optimised for applications which require a high
cold neutron flux with a relaxed time structureand a broad wavelengthband (for example, SANS, reflectometry,neutron
spin echo, large unit cell diffraction), and for high resolution applications requiring a broad wavelength band (using
appropriate ‘decoupled’ cryogenic moderatorsfor meV spectroscopyand high resolutiondiffraction). All these techniques
will experience significant gains from appropriate instrumentation on the Second Target Station.

The main features of the Second Target Station, of enhanced cold neutron flux, broad spectral range and high resolution,
are particularly well matched to many of the emerging areas in its three target themes of Advanced Materials, Soft
Condensed Matter and Bio-molecular Sciences.

5. LMX - LARGE MOLECULE CRYSTALLOGRAPHY AT ISIS TS-2

In the crystallographic context, the dramatically enhanced flux of cold neutrons offered by ISIS TS-2 means potentially
more access to large structures, and to magnetism, as well as considerable potential for expanding our successful high
resolution instrumentation. The instrument of relevance here, LM X, the large molecule crystallography diffractometer,
will be optimised for high flux and has a two-fold purpose: to allow the study of large scale chemical and
supramolecular structures, and to move single crystal diffraction at ISIS towards the study of the structure of smaller
biological molecules. LMX will provide qualitatively different capability to the existing SXD, and provide strong
complementarity with the LADI and VIVALDI diffractometers at the ILL over a wide range of materials. The basic
design aims of the instrument will be to allow the study of large unit cell structures (20-30,000 A’) to good resolution
(dmin~1-1.2A), offer the potential to study larger unit cells at lower resolution, and routinely allow the use of relatively
small samples of maximum dimension of order Imm or less for these studies. An estimated flux gain of at least 40
over the current SXD in the wavelength range of interest to LMX provides the necessary capabilities in terms of
performance and, together with retention of significant time-of-flight discrimination, ensures competitiveness with the
best available instrumentation world-wide. LMX will also of course allow the study of substantially smaller single
crystals of smaller unit cell materials, and it is anticipated that the instrument will enable the study of, for example,
~0.05mm” crystals of cell volume ~2000A°.

LMX maps onto the major TS-2 themes of advanced materials and biomolecular sciences, and will help some of the
exciting areas in chemistry and structural biology to be tackled which are currently not within the scope of existing ISIS
instrumentation. There are several scientific areas that are likely to benefit from the high flux capabilities to be offered
by LMX, and the common features of these areas can be summarised as follows: they produce problems where neutron
diffraction can add significant value to the information offered by other techniques;the materialsto be studied will often
have larger unitcells; and/or available crystal size will be limited, and the problems are beyond the scope of the current
ISIS instrument SXD which is optimised for higher resolution studies of smaller unit cell materials, along with fully-
resolved reciprocal space surveying applications.

The outline science case developed for LMX focuses on six highlighted science areas in which the instrument will have
a significant impact:
i. Supramolecular chemistry, extended hydrogen bonded networks
ii. Organometallic and co-ordination complexes and materials
iii. Molecular magnets and single molecule magnets
iv. Zeolites and other framework materials
v. Biomolecular science and pharmaceuticals
vi. Less-ordered systems and lower resolution studies, including fibre diffraction

Clearly (v) and (vi) are of particular relevance to the subject matter of this Symposium.

5.1 Towards LMX

With the previous SXD, and now with the developinguser programme on the next generationSXD beginning, sufficient
experience is now available in chemical crystallography on ISIS pulsed source single crystal instruments to allow
sensible extrapolations and also to learn from this experience in detailing the design of new instrumentation. The ISIS
Second Target Station, with its optimised flux of longer wavelength neutrons from the low power target, and its low
repetition rate, allows us to produce an innovative solution for tackling the exciting areas of larger molecule
crystallography. The proposed instrument, LMX, with its promise of yielding an effective count rate some 40 times
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higher than the existing SXD for the materials of interest to this proposal, tackles two of the main disadvantages of the
present SXD inrelation to large molecule crystallography - the lack of time-averaged flux in current pulsed sources and
the fact that the present SXD beamline is sited on the “hot” water moderator which produces a peak neutron flux at
1.14 A with a very rapid fall off at longer wavelengths.

5.2 Detector array

Some of the instrument characteristics are obvious — for example, the requirement for large area detector coverage (as
for SXD-11, see Figure 3. This is an emerging theme over most of the new generation of neutron single crystal
instruments such as SXD-11, the quasi-Laue instruments LADI and VIVALDI at ILL and the upgrade in progress on
the monochromaticD19 diffractometerat ILL. Clearly high pixel resolutiondetectors are highly desirablefor this array,
to allow for peak separation and integration. The alternative to higher resolution detectors (the upgraded SXD still
operates with 3 mm pixel size which would not be adequate for LMX at the same secondary flight path, L,) is to
increase the secondary flight path to offer improved angular pixel resolution. This would lead to the requirement for
more detectorsand hence a more expensivedetector array. The current LMX design thus has two detector options. With
3 mm resolution detectors, these would be situated at L,~500 mm, which would require an array of 40-50 PSDs.
However, for ~1.2 mm detector resolution this can be reduced to L,~200 mm, as on the current SXD instrument, and
only require an array of around 11 PSDs, a more cost-effective solution and one which is being actively explored in
terms of the required detector development. In either case, LMX will have a massive pixel array of ~4x10° pixels, with
more than 10° time channels. Higher efficiency detectors than those currently used on SXD are also required; we aim
for the provisionof PSD detectorswith efficiencies>50% at 1.5 A for LMX. The developmentof smaller pixel, higher
efficiency PSDs is flagged as a high priority for TS-2.

5.3 Sample Orientation and Environment

The instrument itself can be designed rather simply, with a small “pseudo-x-¢” orienter being sufficient. In general the
sample environment characteristics for this type of study will involve standard high and (more often) low temperatures,
possibly atmosphere control including humidity and potentially modest high pressure capabilities. All of this is
entirely compatible with the large, >2m sr solid angle, detector array envisaged for LMX.

5.4 Moderator Choice

Possibly the majorissue on LMX is the choice of moderator. As outlined above, TS-2 offers both traditional and novel
moderator types: relatively sharp pulses from the decoupledmoderators, and broad pulses (with consequently more flux)
from the coupled moderators. Since single crystal neutron diffraction from larger systems is fundamentally count rate-
limited, flux is the over-riding concern in most of the problems to be tackled by LMX. The unpoisoned, decoupled
moderator offers significant flux increases over SXD, but not sufficiently dramatic as to open up the qualitatively new
areas being targeted. The coupled cold moderator offers the desired higher flux, and current estimates are that even with
a 10 Hz repetition rate of TS-2, LMX will have a flux of at least 40 times SXD-11 over the wavelength ranges of
primary interest (say 1.5-6 A). Of course, there is a penalty to pay, and the pricein this case is very broad pulses. This
means that the peak profiles in the time-of-flight direction will be substantially degraded from those on the existing
SXD Figure 5, implying a move towards a “Quasi-Laue” approach as adopted (in different ways) on the protein
crystallography instrument PCS at LANSCE and at the ILL instruments LADI and VIVALDI. However, we note that
significant time-of-flight discrimination will be retained on LMX, with many associated advantages.

1 )

2 |

Figure 5. Schematic comparison of time-of-flight single crystal peaks from the current SXD (left) and the broadened peaks from the coupled
moderator (right), for which advanced integration solutions will be developed for LMX.
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5.5 Instrument length

The broader pulses resulting from choice of moderator are to some extent compensated for by increasing the instrument
length (moderator-to-sample distance, L), which will lead to greater separation of peaks in the time-of-flight direction
(proportional to the length). The chosen length for LMX is governed partly by this factor, but more so by the need to
retain a wide band-width(wavelengthrange in a single data frame). The existing SXD operates on the 50 Hz target with
L, of 8 m, and offers a wavelength band width of around 9 A. (Not all of this wavelength range is necessarily useful
for data collection,the equally important point is that frame-overlap thus only occurs for very long wavelengthneutrons
>9 A). With LMX operating on the 10Hz TS-2, it follows that a similar wavelength band and related advantages will
result for an instrument situated 40m from the moderator.

To illustrate the benefit a time-sliced Laue method offers in the design of an instrument such as LMX, we show in
Figure 6 the dramatic improvements offered by use of a time-of-flight Laue as opposed to a Laue method. The
separation of peaks in three-dimensionsin this way has significant advantages both in terms of required detector angular
resolution and moderator-imposed peak shape. This means that an LMX instrument with 3 mm pixel resolution
detectors at L,=500 mm, or ~1.2 mm pixels at L,=200 mm, will give adequate peak separation for the unit cells of
interest even with the broad pulses from the coupled moderator.

Figure 6. Illustration of the use of time-of-flight Laue diffraction on an instrument such as LMX. The top-left figure is a simulated Laue pattern
for a single PSD from a typical orientation of a 27000A° unit cell, over the wavelength range to be used on LMX (~1.5-6A). Substantial peak
overlap would clearly result. However, the remaining three plots show the selectivity introduced by time-of-flight, by reducing to wavelength slices
of ~1.75-2.0, ~2.0-2.5 and ~2.5-3.0A, allowing these peaks to be separated even at the relatively modest detector pixel resolution values proposed.
The time-of-flight discrimination of LMX would be still more effective in peak separation of this nature.

5.6 Guides

To compensate for the potential 1/r* flux loss from a longer instrument, high critical angle supermirror guides will be
employed (these will be a standard feature of TS-2 instruments). An m=3 guide over most of the length of LMX will
transport most of the neutrons towards the sample. However, it is clear that sample sizes on LMX will necessarily be
small, and efficient exploitationof the beam will require higher brilliancethan is usual for neutron beams. It is therefore
proposed to use long, interchangeable, focusing supermirrorsections to allow for tuning of the beam size to the problem
under study.
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5.7 Peak integration

The broad peak shapes will lead to similar data processing issues as for other broad pulse or Quasi-Laue instruments.
Advanced intensity extraction software is a major development need for LMX. However, full time-sampling of data
in the acquisition electronics will be retained on LMX, allowing for a reduction in background levels under the Bragg
peaks and allowing the experimenter the opportunity to select time binning to suit the problem under study.

6. CONCLUSIONS

Single crystal neutron diffraction studies of small molecular systems on the SXD instrument at the ISIS spallation
source have been notably successful, and the time is right for an extension of this capability to larger unit cell systems
and/or smallercrystals. In orderto achieve this, more flux and larger detectorsare required. The latter has been achieved
and is in place with a recently installed radical new design of SXD instrument ("SXD-11") encompassing an array of
11 electronic position-sensitive area detectors. The former can be achieved by harnessing the high potential of the ISIS
Second Target Station in providing a very high flux of colder neutrons from optimised cold moderators. The proposed
LMX instrument will dramatically expand the horizons of this area at the ISIS source, allowing large chemical
complexes, supramolecular materials and a range of biomolecules to be studied.
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1. ABSTRACT

Neutron diffraction provides an experimental method of directly locating hydrogen atoms in proteins. High resolution
neutron diffractometers dedicated to biological macromolecules (BIX-type diffractometer) have been constructed at the
Japan Atomic Energy Research Institute (JAERI) and they have been used in the 1.5A-resolution crystal structure
analyses of several proteins. Very interesting topics relevant to hydrogen and hydration in proteins, which cannot be
predicted stereochemically,such as hydrogen bonds, acidic hydrogen atom, hydrogen atoms in enzyme mechanisms and
the identification of methyl hydrogen atoms and dynamical behaviors of hydration structures that include H positions
have been extracted from these structural results. Preliminary hydrogen data base, which is now constructing, has been
introduced. In addition, the crystallization of large single crystals based on phase diagrams and future prospect of
neutron protein crystallography have been introduced and will be described in this paper.

2. INTRODUCTION

The three dimensional structuredeterminationsof biologicalmacromoleculessuch as proteins and nucleic acids by X-ray
crystallography has improved our understandingof many of the mysteries involved in life processes. At the same time,
these results have clearly suggested that hydrogen and water molecules around proteins and nucleic acids play a very
important 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 can only be
speculated upon so far. In contrast, it is very well known that neutron diffraction provides an experimental method of
directly locating hydrogen atoms, but unfortunately, to date, there are relatively a few examples of neutron
crystallography in biology since it takes a considerable amount of time to collect a sufficient number of Bragg
reflections.

The recent developmentof a neutron imaging plate (NIP) became a breakthroughevent in neutron protein crystallography
[1-3]. The first applicationof the NIP was a structure determinationof tetragonal hen-egg-whitelysozyme using a quasi-

Laue diffractometer, LADI at the Institute Laue-Langevin (ILL) in Grenoble [4]. In the Japan Atomic Energy Research
Institute (JAERI), we have constructed several high-resolution neutron diffractometers dedicated to biological

macromolecules (BIX-type diffractometers), which use a monochromatized neutron beam and a NIP [5-8, +1].

In this paper, we review several interesting results relevant to hydrogen positions and hydration in proteins, obtained
using BIX-type diffractometer. The general subject of neutron protein crystallography has been reviewed by several
authors [9-15], and these articles are helpful in understanding the historical background ofthis area of research. In this
review, special topics relevant to hydrogen and hydration in proteins will be discussed. The proteins that have been
studied with BIX-3 include myoglobin (Mb) [16], wild type rubredoxin (Rb-w) [17], a mutant form of rubredoxin (Rb-
m) [18], hen egg-white lysozyme (HEWL) at pH4.9 [19] and cubic porcine insulin [20]. The detailed experimental
procedures and structural descriptions of these individual proteins have already been published as original papers.

3. BIX-TYPE DIFFRACTOMETER
We have constructed a neutron diffractometer dedicated for protein crystallography, and one of the important aspects of

this work is the development of an improved monochromator. In order to obtain more intensity at the biomolecular
sample, an elastically-bent perfect-siliconcrystal (EBP-Si), adjusted by a piano wire tension device, has been developed
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and found to be very effective [23-25]. The reflected intensity of the EBP-Si monochromatoris increased as the EBP-Si
is bent. The neutron beam must be focused at the sample position as large as the sample size, which is at most 3mm
in maximum dimension for most protein crystals. The EBP-Si monochromator fulfils this requirement because the
horizontally reflected beam can be efficiently focused on the sample crystal, while the vertically reflected beam does not
diverge because of the perfect silicon crystal. In contrast, although pyrolytic graphite (PG) is commonly used as a
monochromator, the reflected beam from a PG monochromator diverges because of its mosaicity and the absolute
intensity of neutrons at the small protein crystal becomes small. Moreover, a PG monochromator produces a neutron
beam which is contaminated by 1/2 neutrons and this effect is not negligible in protein crystallography because
wavelengths longer than 2A are commonly used for those experiments.

= B0 + msin = spinet Hauten
Shizalil Frhi e apminet yray

Shter
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Figure 1. Photograph of BIX-3 without the detector shield (left) and a schematic view of the instrument (right).

The most characteristic and novel design of BIX-3 is the vertical arrangement of the main components of the
diffractometer Figure 1. The vertical design simultaneously solves the low-flux problem by allowing the sample
position to be closer to the monochromator, as well as the shielding problems by enabling a sufficiently small quasi-
cylindrical detector shield to be built. Most importantly, the vertical arrangement dramatically decreases the overall size
of the diffractometer. The goniometer with a sample crystal is set in an unconventional upside-down position, in order
to permit access and allow rod rotation by the laser reader of the NIP. Because the recording of diffraction spots by the
oscillation method may make the signal-to-noiseratio poor (as itis in the Laue method), we have decided to use a step-
scanning method instead of an oscillationmode as our basic data collection procedure. After the data on the NIP are read
for each exposure, the sample is rotated around the goniometer by a small angle (typically 0.3°), and then the erased
NIP is returnedto the measurementposition again. This procedure is repeated several hundred times, with each exposure
lasting approximately from half an hour to one hour for typical samples. A detailed description of the performance of
BIX-3 has been given in reference 13.

Recently we have constructed a new neutron single crystal diffractometer (BIX-4) at 1G-B port of JRR-3M in JAERI
[+1]. Since at 1G-B port another diffractometerfor biology, BIX-3 and a high-resolutionpowder diffractometer (HRPD)
coexist, the monochromator house needed to be reconstructed Figure 2. The main architectureof BIX-4 is based on that
of BIX-3. BIX-4 uses an elastically-bent perfect-Si crystal monochromator and neutron imaging plates as BIX-3. In
addition, several optimizations of the monochromator and modificationsfrom previous BIX-3 are carried out. The final
gain of the neutron intensity at the detector position is estimated to be 2.5 times larger than previous BIX-3. That higher
performance increases the opportunities to apply neutron crystallographyto biological macromolecules which give only
weak reflections.
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o & e & 5
Figure 2. Top view around the neutron beam line shared with 1G, 1G-A and 1G-Bbeam in the reactor hall of JRR-3M. The dotted line indicate
the path of neutron beam from the reactor as a guide for the eyes. From up-stream BIX-4, BIX-3 and HRPD are arranged, and they used different
wavelengths, 2.6 A, 2.9 A and 1.8 A, respectively.

4. NEUTRON IS COMPLEMENTARY TO X-RAY

Table 1 shows the neutron scattering lengths and X-ray atomic scattering factors of some elements that constitute
proteins. Distinctive features of neutrons are summarized as follows:

1) Since the neutron scattering lengths of hydrogen and deuterium are comparable to those of other elements, they are
easily observed by neutrons, but X-ray atomic scattering factor of hydrogen is much less and it is hard to be observed
by X-ray.

2) Since proton has no electrons, it can not be seen by X-ray, On the contrary it can be observed by neutron. In neutron
diffractometry heavy water (D20) is used for the crystallization of proteins, and D+ exists in proteins instead of H+ and
it is observed by neutron.

The neutron scatteringlengths of hydrogen and deuterium are different and the mobile hydrogen is distinguished because
it is replaced by deuterium.

Table 1
Neutron Scattering lengths and X-ray atomic scattering factors
Neutron X-ray

atom Do (1077 cm) fray (1077 cm)
D+ 0.67 0

H -0.37 0.28

D 0.67 0.28

C 0.67 1.69

N 0.94 1.97

o 0.58 2.25

S 0.29 4.48

4.1. Hydrogen position is refined.

Since the neutron scattering lengths of hydrogen and deuterium are comparable to those of other elements, in neutron
protein crystallography they are not only identified but also their positions are refined like other elements, such as
carbon, nitrogen and so on. Several examples are shown in Figure 3. Figure 3(a) shows a 2|F,|-|F.| nuclear density
map of Phe48 of Rb-wat 1.5 A resolution [17]. The neutron scattering length of hydrogen atoms is negative and their
density contours in neutron Fourier maps are shown in red, while deuterium, carbon, nitrogen and oxygen atoms all
have positive neutron scattering lengths, and their contours are shown in blue. In this map, the hydrogen atoms bonded
to carbon atoms are clearly visible. Figure 3(b) shows a similar nuclear density map for Tyr12 of Rb-w, also at 1.5 A
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resolution [17]. In a neutron diffraction experiments, hydrogen atoms produce a large amount of incoherent scattering,
which results in an undesirably high level of background radiation. This effect can be partially overcome either by
growing crystals from, or by soaking the crystals in, D,O solutions. This treatment leads to the replacement by
deuterium of some of the hydrogen atoms bonded to nitrogen and oxygen (exchangeable hydrogens), as well as the
hydrogen atoms of the solvent molecules in the crystal, without modification of the overall structure of the
macromolecule. In Figure 3(b), the contours of the hydrogen atom of the O-H bond in Tyr12 are shown in blue and
thus it can be concluded that it has been replaced by a deuterium atom. Figure 3(c) shows the 2|F,|-|F:| nuclear density
of Trp36 of Rb-w at 1.5 A resolution [17], and it is clearly seen that the N-H bond of the indole ring, which is shown
in blue, has become an N-D bond.

(8}

Figure 3. 2|F,|-|F| nuclear density maps around (a) Phe48, (b)Tyr12, (c)Trp36; blue contours are positive, while red contours are negative.

4.2. Hydrogen (proton) which cannot be predicted stereochemically.

The positionsof H atoms covalentlybonded to carbon atoms can be calculatedstereochemicallybased on the coordinates
of carbon and nitrogen atoms determined by high resolution X-ray crystal structure analysis. However, the positions
of some hydrogen atoms covalently bonded to carbon atoms are difficult to be calculated stereochemically, and the
positions of hydrogen atoms bonded to oxygen, nitrogen and sulfur atoms are impossible to be identified and refined.
On the contrary, neutron can identify and refine their positions. Moreover, we would like to stress that those These
hydrogen atoms are summarized in Table 2.

Some hydrogen or deuterium atoms which are determined from our neutron diffraction studies are exemplified as
follows:

Table 2
Hydrogen Atoms in Proteins
Functional group ~ Chemical structure Residues Detection of Hydrogen positions
X-ray Analysis Stereochemically
Aromatic ring f-H, f-D Phe, Tyr, Trp, His [Possible Possible
Alkyl group -CH-, -CH»- All residues Possible Possible
(except methyl)
Peptide group -ND- All residues excepPossible Possible
and -ND group His
Methyl group -CH3 Ala, Ile, Leu, Met)Hard Hard
Thr, Val
Protonated  amino -ND; N-terminus, Lys Hard Hard
group
Hydroxyl group -OD Ser, Thr, Tyr Impossible Impossible
Protonated carboxyl -COOD C-terminus,  Asp]Impossible Impossible
group Glu
Amino group -ND, Arg, Asn, Gln Impossible Impossible
Sulthydryl group  -SD Cys Impossible Impossible
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Methyl hydrogen atoms. The methyl hydrogens can sometimes be significantly off their predicted positions because
of free rotation around C-C bonds. Consequently, if their precise positions are required they should be determined by
neutron diffraction experiments. Figure 4 shows examples of some methyl hydrogen atoms in Rd-w determined from
our neutron diffraction data [17].

Aldd \

(2] (b
Figure 4. |F,|-|F omit map of the hydrogen atoms around the residues Ala43 (a), Ile7 (b);

Hydrogen atoms of amino group. In X-ray protein crystallography sometimes it is very difficult to distinguish
nitrogen and oxygen atoms in Asn and Gln, but in neutron protein crystallographysuch a difficultynever occur because
deuterium atoms of amino group (-ND2) are identified very easily. Figure 5 shows the 2Fo-Fc Fourier map of Asn 21
in Rb (m).

T
Asnll Feas
Figure 5. The 2Fo-Fc Fourier map of Asn 21 in Rb (m).

Hydrogen atoms of histidine. The protonation and deprotonation states of the two nitrogen atoms (N,, N;) in the
imidazole ring of histidine are often very important pieces of information that need to be known in order to fully
understand the function of certain enzymes, as well as the metal complexation behavior of certain proteins. This
information can be obtained from neutron diffraction. The neutron diffraction analysis of cubic porcine insulin has been
carried out [20]. The protein is a hetero-dimer, composed of an A-chain and a B-chain. Figures 6(a) and (b) show the
2|F,|-|F¢| nuclear density maps of the His5 and His10 residues, respectively, of the B-chain of cubic porcine insulin at
1.6 A resolution. For His5 of the B-chain, N, is protonated and N, is deprotonated. In contrast, for His10, both N, and
N, are protonated. This means that His5 is electronically neutral while His10 is positively charged.

{a) (b
Figure 6. 2|F,|-|F | nuclear density map of (a) His5 in B-chain and (b) His10 in B-chain of cubic porcine insulin.
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As mentioned earlier, polar hydrogen atoms, like those of N-H and O-H bonds, can be exchanged by deuterium if the
protein crystal is soaked in a D,O buffer. In contrast, hydrogen atoms bonded to carbon are normally not exchangeable.
An exception is the hydrogen atom bonded to the C; carbon atom of histidine. The C.;-H of imidazole group is the
most acidic C-H bond found in amino acids [29]. Therefore this hydrogen atom is in principle exchangeable,depending
on its environment. We found direct experimental evidence for this in metmyoglobin, and Figure 7 shows the nuclear
density map for His97 in this protein [16].

65% D
80% D /209 H

-

_.,‘1#"-
Y

¥

Hel

Figure 7. Histidine 97 in myoglobin. Nuclear density maps: blue: 2|F,|-|F map (positive); green: |F,|-|F ] omitmap (positive); red: |F,|-|F.| omit
map (negative). All H(D)-atoms were omitted for the calculation of the F and j. for the omit-map.

The H.,-atom clearly shows positive neutron density contours near C.,, indicating an exchange of H atoms of the C-H
bond to deuterium. An occupancy refinement yields the ratio 80% D/ 20% H. The nitrogen atom Nc;-atom is also
deuterated (occupancy: 65% D). The alternative conformation, obtained by rotating the imidazole ring by 180° around
the Cy-C, axis, cannot explain this finding since the Ha,-atom shows a full hydrogen occupancy (red contours in Figure
7). His97 is located on the so-called proximal side of the heme plane (the ligand binding position is on the other site
of the heme plane, the so-called distal side). To our knowledge, this is the first time neutron diffraction has been used
to verify the acidic character of the H.; atom of His97 in myoglobin. In the case of hen-egg-white lysozyme, a similar
conclusion was reported recently [30].

Hhydrogen atoms in enzyme function. In the proposed mechanism of the reaction of lysozyme with oligosaccharides,
consideration was given to the fact that enzyme activity is maximal at pH 5 and is less active atpH 7. It is postulated
that at pH 5, the carboxylate group of Glu35 is protonated, and it is this proton that is transferred to the oxygen atom
on the bound substrate(sugar) during the hydrolysisprocess. During the reaction, another acidic residue Asp52, remains
in its dissociated state [32]. In order to elucidate the role of hydrogen atoms in this reaction, neutron diffraction
experiments of hen egg-white lysozyme, crystals of which have been grown at different pH’s, [specifically, 4.9 [19] and
7.0 [4] ], have been carried out. The detailed procedures ofthese neutron structure analyses have been already reported
[4,19]. The results are shown in Figures 8(a) and (b). Figure 8(a) shows the 2|F,|-|F¢| nuclear density map around the
carboxylate group of Glu35 at pH=4.9, while Figure 8(b) shows the same region at pH=7.0. In Figure 8(a), as
indicated by an arrow, neutron density was observed to extend from the position of the O atom of the carboxyl group
labeled E350.,, suggesting that this carboxyl oxygen atom is protonated atom. On the other hand, in Figure 8(b), it
is seen that around this oxygen (E350,; ) there is a water molecule at pH 7.0, but no indicationof hydrogen (deuterium)
atoms. The fact that this catalytic site is deprotonated explains why lysozyme has significantly reduced activity at
pH7.0. These results indicate that a water molecule around the carboxyloxygen atom at pH=7.0 is kicked out as a result
of the protonation of this oxygen atom at pH=4.9, and suggests that it is in fact this enzymatically-activeproton which
is subsequently transferred to the oxygen atom of the substrate (sugar) during the hydrolysis process.

Mason et al has already carried out the neutron diffraction study of lysozyme at pH4.2 using a triclinic crystal and the
protonated carboxylate group of Glu35 has been reported [39].
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ia) (L]
Figure 8. 2|F,|-|F | nuclear density map around the carboxylate group of Glu35 at pH=4.9 (a), and Figure 15(b) at pH=7.0.

4.4. H bonds

Hydrogen bonds play important roles in countless biological processes. The interaction energy of the hydrogen bond
is intermediate between those involving covalent and Van der Waals forces. Hydrogen bonds are directional and form
several kinds of networks in biological macromolecules. However, since it is not easy to determine the positions of all
the hydrogen atoms in protein molecules using X-rays or NMR alone, detailed discussions of hydrogen bonds have
often been limited thus far, because of the absence of positional information of H atoms.

In order to fully discuss a hydrogen bond, X-H---Y, (in which X and Y are the hydrogen donor and accepter,
respectively), information about the hydrogen position is essential. Along with other investigators, Baker and Hubbard
have extensively discussed H-bonds in globular proteins, using hydrogen atom positions predicted from atomic
coordinates derived from high-resolution protein X-ray data [21]. Hydrogen atoms were added to the various protein
models at their calculated positions, but only those that could be unambiguously defined by the protein geometry. As
a matter of fact, no hydrogens were placed on amino or hydroxyl groups, such as those in Ser, Thr, Tyr or Lys side
chains. In the conclusion, those authors stressed the necessity of high-resolution neutron diffraction studies.

Our high-resolution neutron results meet their suggestion. Figure 9 shows one example, taken from our study of a Rb-
m. In this diagram, the H-bonds, X-H(D)---Y have been plotted with the H(D) atom at the origin, the X-H(D) bond
defining the horizontal axis, and the Y atom distributed in the (x,y) plane [18]. The resulting figure is consistent with
the concept of the weak and strong H-bonds as proposed by Desiraju and Steiner [22].

Strong H-bonds: 1.5A < d[H---Y] <2.2A, 130° < angle[X-H---Y] < 180°
Weak H-bonds: 2.2A < d[H---Y] <3.0A, 90° < angle[X-H---Y] < 180°

In Figure 9, strong and weak H-bonds are indicated by orange and blue areas, respectively. It can be seen that high-
resolution neutron protein crystallographyhas allowed us to examine H-bonds in more detail, and that numerous “weak
H-bonds” in a protein structure can be identified with this method.

i
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Figure 9. The distribution of Y atoms in X-H(D)---Y hydrogen bonds, with the position. of the H(D) atom fixed at the origin. The component of
H(D)---Y along the X-H(D) direction is plotted along the horizontal axis, and the component of H(D)---Y perpendicular to X-H(D) is plotted in
the vertical direction. The region of strong hydrogen bonds isindicated by the orange area, while weak hydrogen bondsare shown in theblue area.
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Bifurcated Hydrogen Bonds. In our studies of several small proteins, all the hydrogen bonds between the C=0 and
N-H groups in the helices of the proteins we studied have been surveyed including their hydrogen atom positions.
Figure 10 shows one example of how a conventional hydrogen bond in an a-helix of myoglobin is seen in a neutron
diffraction experiment. The hydrogen positions as well as carbon, nitrogen and oxygen positions have been refined. This
figure clearly indicates that the location of the experimental H positions with neutron data is usually unambiguous.
However, we have found several exceptions to the conventional picture of H-bonds in a-helices.

Figure 10. Hydrogen bond in a a-helix. |F,|-|F| omit nuclear density map (red) contoured. The marked atoms were omitted for the calculation
of F for the omit-map.

When we surveyed the hydrogen bonds in the a-helices individually, we found that there were several bifurcated
hydrogen bonds, one of which (from myoglobin) is illustrated in Figure 11. The occurrence of bifurcated hydrogen
bonds in the a-helices of proteins has been proposed earlier, based on an analysis of calculated hydrogen atom positions
from atomic coordinates derived from high-resolution X-ray data [21, 23]. However, it is somewhat risky to discuss
the detailed structure of bifurcated hydrogen bonds based solely on those predictions. In high-resolutionneutron protein
crystallography, the H atoms of the polypeptide backbone canbe identified and refined, as shown in Figure 11. In the
case of Mb, we performed a positional refinement with loosened restraints for the planarity of the peptide plane: in other
words, the O-C-N-H group was allowed to deviate from a planar trans-configuration. The result is that the O-C-N-H
torsion angle showed deviationsup to 15° from planaritywith an average value equalto 179.2° and a standard deviation
of 6.3°. These values are in good agreement with those from ultra-high-resolution X-ray structure determinations [24,

25].
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Figure 11. 2|F,|-|F nuclear density map (blue) contoured and |F,|-|F| omit nuclear density map (red). The amid hydrogen atom of residue 107
was omitted for the calculation of F, for the omit-map.

4.5 Hydration
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How a hydration molecule is observed experimentally. The hydration structure of Myoglobin has been studied by
Schoenborn et al and the hydration layer structure such as radial distribution function of water around protein atoms
have been obtained. [40-42] On the contrary, in out study the hydration structure of individual water molecules has
been present [31]. Figure 12 displays one region of the hydration structure around Mb, and shows that all of the
hydration water molecules are complexly isolated. It is also remarkable that a sulfate group can be clearly distinguished
in this map. In some cases, hydrogen (deuterium) atoms in water molecules can be clearly identified in triangular
(boomerang) shaped peaks and the formation of the hydrogen bonds between two water molecules can be recognized as
well. At the same time it is interesting to note that near the two triangular-shaped contours, a spherically shaped water
molecule can be found. (Figure 12). Moreover, water molecules with other shapes, such as ellipsoidal (stick-shaped)
ones, have been found in other places. The interpretation of these shapes will be discussed in the following section
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Figure 12. Protein-protein contact region in the case of myoglobin. 2|F,|-|F | nuclear dénsity map contoured at positive in blue and negative in
red. The 2|F,|-|F | X-ray electron density map for the water molecules is shown in green. The triangular shaped neutron contours correspond to
D,0O molecules.

Classification of hydration. We have categorized observed water molecules into the following classes based on their
appearance in Fourier maps: (i) triangular shape, (ii) ellipsoidal stick shape, and (iii) spherical shape, and moreover the
second category, ellipsoidal stick shapes can be further sub-classified as (iia) short and (iib) long. We found that this
classification conveniently reflects the degree of disorder and/or dynamic behavior of a water molecule. A typical
example of the (i) triangular shape is shown in Figure 13(a)-1,2, in which the green and red contours indicate 2|F,|-|F¢|
maps calculated from neutron and X-ray data, respectively. The oxygen positions observed by X-ray and neutron
scattering coincide within experimental error. In this case, the two deuterium atoms and the oxygen atom of the water
molecule are H-bonded to nearby (O/N) and deuterium atoms, respectively. Thus, it can be seen that the orientation of
this water molecule is well-defined. In fact, triangular shaped contours correspond to the most highly-ordered water
molecules in our maps. A typical example of (iia) a short ellipsoidal stick shape is shown in Figure 13(b)-1,2. The
oxygen position observed by X-rays is located at one end of the neutron Fourier peak, and only one deuterium atom
could be observed. The observed D and O atoms are H-bonded to neighboring O/N and D atoms respectively, but the
other deuterium atom was not identified because of the molecular rotation (or packing disorder) around the fixed O-D
bond. Thus, we interpret short ellipsoidal stick shaped peaks to represent water molecules rotationally disordered around
an O-D bond. A typical example of the (iib) long ellipsoidal stick-shaped peak is shown in Figure 13(c). The O
position observed by X-rays (but not by neutrons) is located in the middle of the neutron Fourier peak, and the two D
atoms are clearly observed in the neutron map. The entire appearance is that of an elongated stick. In this case, the two
D atoms are H-bonded to neighboring O and/or N atoms, but the O atoms of the DO molecule cannot be identified
because of the molecular rotation or packing disorder around the D-D axis. Finally, a typical example of (iii) the
spherical-shaped peak is shown in Figure 13(d)-1,2. Only the center of gravity of this type of water molecule can be
defined because its orientation is totally disordered. A spherical peak in a neutron Fourier map always means that the
whole water molecule is freely rotating, even if X-ray results (which only show the O atom) reveal no hint of this
disorder.
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Figure 13. 2|F,|-|F nuclear density maps of water molecules of hydration for myoglobinand the rubredoxin mutant observed by neutron protein
crystallography. Examples shown are those of those of: (a) triangular shape, (b) short ellipsoidal shape, (c) long ellipsoidalshape and (D) spherical
shape. In these maps, the blue contours correspond to neutron peaks, while the green contours correspond to oxygen peaks from X-ray data.
Observed (located) atoms from the neutron data are shown as stick diagrams, with the following color coding scheme: C (yellow), N (dark
blue/violet), O (red), D (light blue/cyan), H (white). Note that in Figure 13(a) all atoms of the central DO molecule are visible (cyan/red/cyan),
whereas in the other diagrams only some of the solvent atoms have been located: O, D (Figure 13(b)), two D (Figure 13(c) and O only (Figure

13(d)).

Although the above classification has been carried out based on the appearance of peaks in Fourier maps, we found that
the shapes are strongly correlated with the existence of hydrogen bonds, which fix the positions of atoms of water
molecules. Most of the triangular-shaped water molecules are fixed at three atoms (D, O, D), while ellipsoidal ones are
fixed at two atoms (D, D or D, O). In contrast, some spherical shaped water molecules are not fixed by any observed
H-bonds. The average number of “anchor points” of triangular, ellipsoidal and spherical-shapedwater molecules are 2.3,
1.3 and 0.3, respectively. In the three proteins, Mb, Rb-w and Rb-m, the average populations of triangular, ellipsoidal
and spherical shapes are 29 %, 16 % and 55 %, respectively [30].

Dynamic behavior of hydration The dynamic behavior of water molecules becomes clearerwhen the B-factors obtained
by neutron and X-ray are plotted against each other as shown in Figure 14, in which the B-factors obtained from the
neutron analysis are the averaged values from three atoms (D, O and D), while those from the X-ray analysis are those
of the O atoms only. The B-factors of oxygen atoms obtained by X-rays are in the range from 13 A” to 45 A’. It is
observed that the small, intermediate and large B-factors from the X-ray analysis correspond to water molecules having
the triangular, ellipsoidal and spherical shapes, respectively. The spherical peak in the neutron Fourier map always
means that the whole water molecule is freely rotating, even though the X-ray results (which show only the O atom)
reveal no hint of this disorder.
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Figure 14. Correlation between the B-factors of hydration water molecules obtained from neutron and X-ray scattering data for the rubredoxin
mutant. Neutron B-factors were obtained usingthe average scatteringlengths of D, O and D atoms from every water molecule, regardless of shape;
while in the case of X-ray B-factors, only those from O atoms were included.

5. CRYSTALLIZATION

One fundamental problem in neutron crystallographyis the difficultly in obtaining large single crystals. It is really true
that neutron protein crystallography necessitates the use of large protein crystals, the volume of which should be larger
than 1 mm’ currently. Usually such a large single crystalis difficult to grow. However, we have found that one rational
way to find the proper conditiors to grow large single crystals is to establish the completecrystallizationphase diagram,
which includes determining the solubility curve [38]. Generally speaking, a large single crystal can be grown under
supersaturated conditions close to the solubility boundary. Asa matter of fact, the large single crystals of cubic porcine
insulin, human lysozyme and a DNA oligomer that we have used in our studies have been grown using this method.
The phase diagrams ofthe DNA oligomer [38] and cubic porcine insulin [20] which have been determined by our group
are shown in Figure 15 (a),(b). The corresponding crystals which are obtained on the basis of these phase diagrams are
shown in Figure 16 (a),(b), respectively. This method is applicable not only to grow large single crystals which are
large, but also crystals of a high quality, which is essential for high resolution crystallographic studies.
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Figure 15. The experimentally determined phase diagram. (a) The solubility of the DNA decamer d(CCATTAATGG) vs MgCl, concentration.
The broken lines show the boundary between regions: a circle, a triangle and a cross in the phase diagram correspond to the presence of crystals,
amorphous precipitate and clear solutions (i.e., no crystals), respectively. Solutions were kept in an incubator at 6 °C for 20 days with an MPD
concentration of 30 % (v/v)and pH of 7.0 (buffer solution of 0.1 M sodium cacodylate). (b) The solubility of the cubic procine insulinvs Na,HPO,
concentration. A circle and a cross mean the presence and abesence of cubic porcine insulin crystals in the crystallization. Solutions were kept
in an incubator at 25°C for 7 days with 0.01M Na;-EDTA buffer solution.
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Figure 16. The large crystals ofthe DNA decamer (a) and cubic procine insulin (b) obtained on the basis of the phase diagrams in Figures 17 (a)
and 17(b), respectively.

6. HYDROGEN DATA BASE

The construction of data base of ‘hydrogen and hydration in proteins’ is now under way. The positional coordinates of
all the hydrogen atoms and hydration water molecules determined by neutron protein crystallography are stored
according to the usual PDB format. The main function of the hydrogen hydration data base (HHDB) is to extract the
structural information relevant to hydrogen atoms, such as stereochemical atomic configuration in the vicinity of a
selected hydrogen atom, the search of all the H-bonds between main chains, the main chain and the side chain, and side
chains and the statistical classificationof H-bonds. During the analysis of H-bondsby the use of HHDB, very unfamiliar
types of H-bonds have been discovered as shown in Figure 17. Figure 17(a) shows that the nitrogen atom of amide
(Lys 78) in main chain is an acceptor of H atoms of the neighbor amide (Lys 79) (the H bond length H---N is 2.18A,
and Figure 17(b) shows that the H-bond is formed between the amide (Lys 2) N-H and O=C in Lys 2 (the H-bond

length H---O is 2.50A).

U
-

Figure 17. Very unfamiliar types of H-bonds of (a) myoglobin and (b) Rb-m.

7. FUTURE PROSPECT

The neutron protein crystallography experiment is now still time-consumed experiment. For example, when a single
crystal of Imm’ in volume, the unit cell of the lattice of which is less than 100A, is available, it takes 3 or 4 weeks
to collect 1.5A resolution data set at present. If the neutron intensity at the sample position increases 100 times higher
than now, the above mentioned restriction (the size of a single crystal, unit cell size of the lattice constant, and the data
collection time) of the neutron protein crystallography becomes looser.

J-PARC project in Japan (1MW spallation neutron source) and SNS in USA (2MW neutron source), which are now
under construction, meet the above requirement. In J-PARC project, the construction of the neutron diffractometer for
protein crystallography (so called BIX-P1) is scheduled, where the neutron intensity at the sample position becomes
50-100 times higher than the current BIX-type diffractometer.
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8. CONCLUSION

Several conclusions are summarized as follows:

1.

The presence of positional information of H atoms provides detailed discussions of hydrogen bonds, such as
bifurcated H-bonds and strong and weak H-bonds.

The protonation and deprotonationstates of the two nitrogen atoms in the imidazole ring of histidineare clearly
presented.

Hydrogen atom positions, which cannot be predicted stereochemically, can be given.

The hydration structures are categorized based on their appearance in Fourier maps, and these reflect the
dynamic behavior of water molecules.

The role of hydrogen atoms in enzyme function and thermostabilityis exemplifiedby hen egg-white lysozyme
and rubredoxin, respectively.
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EVOLUTION AND DIRECTIONS IN MACROMOLECULAR NEUTRON SCIENCE
Development of Neutron Structural Biology at BNL and LANL

Benno P Schoenborn
Biosciences Division, Los Alamos National Laboratory
PO Box 1663, Los Alamos NM 87545 USA

1. ABSTRACT

In the nearly 35 years since the first neutron diffraction data were measured from crystals of myoglobin, the field has
been characterized by intermittent activity. Despite the uncertainties of instrumentation, many unscheduled lengthy
reactor downtimes, as well as the constraints of crystal size and low flux, fundamental discoveries about enzyme
mechanisms, biological complex structures, protein hydration and hydrogen atom position have been, and continue to
be made using neutron diffraction. The promise of neutrons has not changed since the first crystal diffraction data were
collected. Today, with the developments of beam lines at spallation neutron sources, increasingly sensitive detectors,
and the use of the Laue method for data collection, the field of neutrons in structural biology has renewed vitality. The
history and recent developments in this field at BNL and LANL will be described.

2. INTRODUCTION

The first mention of using neutron scattering to investigate hydrogen (H) bonding in proteins was made during a tea
time discussion with H. Watson, U. Arndt, J. Kendrew, C. Nobbs and B. Schoenborn at the MRC Laboratory in
Cambridge England in the spring of 1965. I had just finished the binding study of Xe to myoglobin (Mb) and was
trying to calculate the binding energies. There were 32 atoms in van der Waals bonding distance to Xe and most were
H atoms. The location of H atoms was based on structural assumptions and was only approximate, and clearly a map
depicting actual H atom location was needed. We discussed a number of options but only neutron diffraction was a
distant possibility. Discussionswith neutron scattering experts at the Atomic Energy Research Establishment(Harwell,
UK) were rather disappointing and I shelved the idea for the time being. During a seminar on the binding of the
anaesthetic Xe to proteins at the Biochemistry Department in Berkeley, I mentioned the neutron approach and Prof.
Koshland suggested I try to obtain some beam time on the High Flux Beam Reactor (HFBR) at the Brookhaven
National Laboratory (Upton, USA). On Koshland’s recommendation and with W. Hirs’ help I obtained a position at
BNL and took another leave of absence from UCSF on what many considered a wild goose chase. I learned very quickly
that big crystals were needed which was fortunately quite easy for sperm whale Mb.

In mid 1968 I obtained a few days of beam time at Walter Hamilton’s single crystal diffractometer. It was a
monochromatic four circle instrument with a single detector with one of the first computer controlled systems made by
BNL using a Scientific Data Systems (SDS) computer. Aftera few hours of playing with the automation we found the
first reflection (Figure 1), which turned out to be the 6-0-3. The crystal was soaked in D,O to reduce background
scattering from the incoherent H atom scatter. Even with the large 25 cubic mm crystal with a w-20 step scan of 0.1

degree, with a 2 degree reflection scan width, and with a step time of 1 minute it would take an enormous amount of
time to collect even a 2.8A map. Over the next year I was able to collect however 4800 reflections and produced a
Fourier map that demonstrated that neutron protein crystallography was indeed possible and that H atom locations can
be determined easily with a 2A resolution map [1].
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Figure 1. The first reflection (6-0-3) collected from a single crystal of myoglobin using a single crystal diffractometer on the High Flux Beam
Reactor (HFBR) at the Brookhaven National Laboratory (BNL). The vertical axis is the scattered intensity and the horizontal axis is the scanning
angle.

Max Perutz (Figure 2) was also interested in neutron maps to decipher the structures of deoxy- and oxy-hemoglobins
in order to elucidate the structural basis of the large observed transition mechanism. Unfortunately those two
hemoglobin derivatives in crystal form did not last long enough for the lengthy neutron data collection and even with
the large crystals provided, we were not able to collect enough data to provide sufficiently accurate H/D information.

Figure 2. Max Perutz at the Brookhaven National Laboratory (BNL).

3. EXPANDING THE USE OF NEUTRONS IN STRUCTURAL BIOLOGY

It was soon realized that the different scattering length of D(+6.65) and H(-3.71) can be beneficially used to enhance
contrast and evenused like a heavy atom, at least for low resolution structures. The first experiment using H vs D was
done on frog sciatic nerves in collaboration with D. Casper. After soaking the excised nerve in D,O and mounting it
we observed a very large peak of about 80% of the collimated incident beam. At first we looked for a leak in the
shielding and collimation since we were working very close to the incident beam. We found nothing wrong and
eventually we realized that we were observing a very intense 2-0-0 reflection. This was due to the membrane bilayer
structure that approximated a positive scattering layer (D,O) next to a negative scattering layer (nCH,) of about equal
thickness. This led to the development of multilayer monochromators [2,3,4,5] (Patent) now widely used.

The use of HLO/D,0O exchange and specific deuteration were soon used by a number of scientists to elucidate membrane
structures [6,7,8,9,10,11,12]. The low angle scattering analysis technique using H/D exchange was soon used to look
at a number of large biological structures [13,14,15,16,17],and also used to study the structure of filamentous bacteria
oriented in an 8 Tesla magnetic field [20]. A novel use of H/D exchange was proposed and pursued by Engelman and
Moore to elucidate the structure of ribosomes [18,19].
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The development ofa dedicated small angle neutron scattering (SANS) station (Figure 3) for structural biology on the
HFBR at BNL (Figure 4) improved the availability of neutrons for structural biology research inthe US [21]. With the
completion of the cold source, the utility of that instrument was greatly enhanced. The SANS instrument was soon
followed by the establishment of a dedicated protein crystallography station, and a small angle diffraction station
primarily for the study of membranes and fibers. Some of these developments were transferred by John Norvell from
BNL to the National Institute of Standards and Technology (NIST) and were subsequently further developed by
Alexander Wlodawer and provided the foundation of their present effort in small angle scattering and membrane
diffraction.
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Figure 3. The Small Angle Neutron Scattering (SANS) instrument H9B on the High Flux Beam Reactor (HFBR) at the Brookhaven National
Laboratory (BNL).

Many of the early developments in structural biology using neutron scattering were presented at a Brookhaven
Symposium on Neutrons in Biology in 1975 [22]. This symposium was held at the time when the new reactor at the
Institute Laue-Langevin (ILL) (Grenoble) started to have an impact. The sophisticated instruments, such as the SANS
instrument D11 located on a cold source, immediately generated superb data that enabled the analysis of chromatin
[23,24], and protein complexes [25,26]. The development of structural biology at the ILL was due in part to the
establishment of the EMBL outstation by Sir John Kendrew under the able scientific leadership of Andrew Miller.

With BNL and ILL as two major centers of activity, the world-wide interest in neutrons and structural biology grew
substantially and many of the highlights were presented at the second Neutrons in Biology Conference held in 1981
[27].

Figure 4. High Flux Beam Reactor (HFBR) at the Brookhaven National Laboratory (BNL).
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3.1 Neutron Protein Crystallography

Although we used high resolution neutron diffractionto revealed H atom positions (both on the protein and the solvent)
[28] and, because of different scattering interactions, we were also able to distinguishednitrogen from carbon or oxygen.
This was used to resolve ambiguities in X-ray crystallographic studies particularly the orientation of histidines, for
example. To reduce background scattering during data collection and enhance the localization of exchangeable H atoms,
we exchanged the H,O solvent in most single crystals with D,O. This lead us immediately to the realization that
H,0/D,0 exchange could (i) provide some information on protein dynamics, and (ii) enhance protein/solvent contrast
in diffraction and small angle neutron scattering (SANS) experiments.

Data collection from protein single crystals had a slow start and only with the development of 2D position sensitive
detectors were we able to collect sufficient datato look at least a few macromolecules [29,30,31,32,33,31,35]. To enable
us to obtain good peak integration we had to develop new tools to extract the often weak peaks from background [36].
A first step in data analysis was the correction of detector counting rate variations due to imperfection in the back plane
and wire thickness as well as the radial decrease of the anode potential. This was achieved by a look-up table created
through a uniform illumination of the detector. To obtain good peak to background ratios particularly for the weak
reflections, the reflection integration scheme used involved the pre-calculationof peak shapes from the known diffraction
parameters AA, crystal mosaic, detector resolution and diffractionangle [36]. These pre-calculated peak shapes were then
refined using strong observed reflections and were thenused as masks to extract the reflectionsand delineate background
(Figure 5). A 3 or 5 element filter system developed by Kossiakoff, was used to scan the 2D detector array and was
effective in finding large peaks for crystal orientation and unit cell parameter refinement. Unfortunately however, this
technique often overestimated weak reflections by picking uneven features in the background. Promising trial data
integration runs using a modified version of MADNESS for data integration took place just before the permanent
shutdown of the HFBR.

EFFECT OF BEAM DIVERGENCE (A8), CRYSTAL
MOSAIC {} AND WAVELENGTH SPREAD {AX]
ON THE REFLECTION SHAPE
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Figure 5. The effect of neutron beam divergence, crystal mosaicity, and wavelength spread on the shape of a reflection.

Protein refinement started with known phases from X-ray studies and used classicalrefinement approaches like real space
techniques [32,38] that were later supplanted by rigorous least squares programs like PROLSQ; and molecular graphics
programs like ‘O’. The use of D,O solvent with an hydrogenous protein requires special treatment of the solvent
structure if accurate surface water molecules are to be determined. Another improvement in neutron structure refinement
involved the better determination of restraints for H and D bonds [39].

The detailed analysis of water in Mb solved a long-standing controversy between magnetic resonance studies that
observed only a few bound water molecules and X-ray structures that found close to 100 bound water molecules [40].
The neutron map clearly showed that only three water molecules were bound by three D bonds and therefore were ir-
rotationally bound to Mb and only those water molecules would show up in a magnetic resonance studies. All the other
water molecules have some freedom to tumble and exchange with the O atom more or less in the same location as
observable in X-ray and neutron maps. The neutron maps clearly depicted water molecules with three, two and one D
bonds. Such water bonding was further confirmed by molecular dynamics calculation [41].

The many H atoms covalently bound to carbon atoms in proteins contribute significantlyto background scattering even
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for crystals soaked in D,O mother liquor. Complete per deuteration of a protein would greatly improve the peak to
background ratio (Figure 6) and subsequently produce more accurate structures as demonstrated by a study of per
deuterated Mb [42,43].

These developments have been rewarded with a number of crystallographic studies of macromolecules including
myoglobin [31,32,44], trypsin [45,46,47], crambin [48,49] and later with cyclosporin [34,50], plastocyanin [51],
concanavalin [Gilboa & Yariv, unpublished] and fatty acid binding protein [Sacchetini & Scapin, unpublished].

_L"'Hllnl_'_l.. e sl -..-. i

Figure 6. Background comparison of perdeuterated (B average = .45); soaked (B average = 1.09); and H Myoglobin (B average = 2.6); the
horizontal axis is the background count and the vertical axis the number of reflections

Protein dynamics. Proteins are not static objects and any description of structure incorporates some element of
dynamics. The structure determined by X-ray diffraction techniques will include the thermal motion (and possible
disorder) of the individualnon-hydrogen atoms, and a neutron diffraction analysis will provide similar information with
additional data on the H atoms. Depending on the resolution of the data, the thermal motion of H atoms will be
included in the refinement.

For trypsin this information was used to resolve an uncertainty on the rotation of terminal methyl groups. Spectroscopic
studies had established that methyl groups exhibit rapid rotation but provided little information on preferred
orientations. It was found from a high resolution neutron diffraction structure that 85% of the ordered methyl groups
were within 20 degrees of the staggered conformation. This suggested that their rotationis quantised in 120 degree steps
about a position of highest stability [52].

Dynamics in other time domains are explored by the distribution of exchangedH atoms throughout the protein structure.
This distribution is a result of the exchange mechanism(s) on a scale dictated by the solvent-exchangetime (from weeks
to years). Clearly solvent accessibilityplays a dominantrole in the mechanism.For example, the amide H atoms located
on exposed turns of alpha-helical segments are readily exchanged [53], however, access to some H atoms involve
cooperative motions including local breathing and global unfolding [45,54].

Protein solvent structure.The layers of solvent that surrounded a protein molecule mediate its functional conformation
as well as its biochemical characteristics. We obtained useful information on this interface region from high resolution
neutron diffraction studies since water constitutes approximately40-60% of the volume in typical proteincrystals. Water
molecules that are H/D bonded to the protein surface can be directly visualized as integral components of the structure
[31,48,55,56]. Of course the oxygen atoms of well ordered water molecules are assigned in X-ray structures.

The localization of water molecules is usually correlated with the surface characteristics of the protein. Ordered water
molecules have been located in hydrophilic regions, and small water clusters have been observed quasi-randomly
distributed over the protein surface. We developed a formalism that modeled the solvent as a series of shells with spatial
and physical characteristics [57,58,59]. Progressing outward from the protein surface, each shell was constructed of
pseudoatoms arranged on a three-dimensional grid. Each pseudoatom was assigned coordinates and a global factor that
represented the degree of order (or liquidity) within the shell. The solvent density was then refined by a minimization
technique comparing observed low angle reflections with the calculated density. This resulted in a best solvent density
and a smearing (temperature) factor B (Figure 7). This approach greatly improved subsequent least squares calculations.
Such calculations clearly showed the higher water density close to polar groups compared to non polar regions. It has
been shown in studies of myoglobins and plastocyanin that such a solvent refinement enhances surface characteristics
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and even adjusts side chain locations. It was subsequently shown that such an approach is equally valid for X-ray data
refinement [60,61].

Figure 7. Graphical representation of the scattering length density and liquidity factor for a myoglobin crystal in a 40% D20 solvent.

The refined solvent structure reveals a wealth of chemical information about the molecule, including the geometry of
H bonding, states of protonation of histidines (Figure 8), and the location and geometry of water molecules at the
surface of the protein (Figure9). An X-ray and a neutron data set of a carbon-monoxymyoglobin crystal were used for
such solvent structure studies [43].
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Figure 8. |F,|-|F neutron difference map in a slab centered on the plane of the imidazole 7E ring in oxy-myoglobin. The refined model is
superimposed, showing His 7E, FeO, and part of the heme. The strong positive peak indicates the presence of deuterium bonded to N,.
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Figure 9. The myoglobin structure with water molecules as determined by neutron diffraction studies. Water is shown as dotted clouds on the
surface of the protein.

Advantages of protein deuteration. Besides causing high background due to its incoherent scattering, the negative
coherent scattering of H atoms tends to cancel out the positive contribution from other atoms in a neutron density map.
Therefore a fully deuterated sample would yield better diffraction data with stronger density in the H atom positions.
On this basis a sperm whale myoglobin gene modified to include part of the A clI protein gene was cloned into the T7
expression system [42]. Milligram quantities of fully deuterated holo-Mb were obtained and used for crystallization.
The synthetic sperm whale Mb crystallized in the P2, space group isomorphous with the native protein crystal. A
complete X-ray diffraction dataset at 1.5A was collected first and followed by a 2A neutron diffraction analysis [43].
This analysis produced much better data and a vastly improved Fourier map compared to the hydrogenous Mb structure
[43]. The decrease in background scattering alone makes it worthwhile to perdeuterate proteins for neutron diffraction
studies (Figure 10).

A z
Figure 10. Deuterium (hydrogen) atoms can be located directly as positive peaks in 2F,-F.maps as illustrated by residue Phe-43in oxymyoglobin.
(A) The 2F,-F, X-ray map of fully deuterated Mb using 6.0 to 1.5A data, contoured at +1.00 (0.84 ¢/A’). (B) A 2F,-F. neutron map on unlabeled
Mb calculated to 2.0A resolution, with the pink map contoured at 1.00 and the blue map contoured at -1.00. (C) An F, neutron map generated by
using equivalent experimental reflections in 6.0 to 2.0A calculated from the current protein model except that D was replaced with H. The pink
map is contoured at +1.00; the blue mapis contoured at 2.06. (D) The 2F-F, neutron map of fully deuterated Mb using 6.0to 2.0A data, contoured
at +1.00 (1.03 fermi/A%).
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3.3 Small Angle Neutron Scattering

Early experimentswith Mb and hemoglobinin solutions of various H>O and D,O mixtures showed that solvent contrast
adjustment could be used to depict the hydration shell by analyzing the observed radii of gyration as a function of
protein/solvent contrast (Figure 11). Stuhrmann [25,62] subsequently used these observations to develop the detailed
analysis of proteins in solution resulting in the now commonly used Stuhrmann plot to analyze small angle scattering
data. Such small angle solution scattering data were also frequently used to determine molecular weights using known
proteins as calibration points [14] or using water to calibrate the intensity of the scattering curve [63]. These scattering
analyses have led to a better understandingof'the tertiary structureof proteins and protein complexes in solution, as well
as the protein/solvent interface.

e Pl

Figure 11. Intensity versus scattering angle for solutions of oxy-hemoglobin as a function of solvent contrast.

Engelman and Moore [64] proposed a notable extension of contrast enhancement in the analysis of large protein
complexes (Figure 12). Incorporation of pairs of selectively deuterated proteins in the ribosome of E.coli caused the
vector connecting the pair to make an enhanced contribution to the SANS pattern such that we could determined the
length and orientation from measurements of ribosomes in solution (Figure 13). Selective deuteration of different pairs
made it possible to build up sufficient spatial information that by triangulation the molecular arrangement in the
ribosome could be determined. This ultimately led to the structural arrangement of the 21 proteins in the 30S subunit
of the ribosome [19] (Figure 14) and the proteins in the 50S subunit [65] with data collected at the ILL. These were
Herculean tasks that integrated specific deuteration of protein subunits with advanced neutron scattering techniques
(Figure 15).

Another study of major significance is the continuation of the chromatin structure investigation — the complex
between DNA and histones of chromosomes [67,68].
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Figure 12. Outline of the strategy for determining the three dimensional arrangement of the proteins in the 30S ribosomal subunit of E.coli.

48



Evolution and Directions in Macromolecular Neutron Science

e 3,43 1 oL O [ oMb ]
i S re— R o
Lo -
o0 - -
O - = =i
-, | + .
-, }
- - e
= oal
- 0.5
Efe o= ¥ b. _.|
H B cr8 |— —
T - ? | Ty i\..ﬁ-l-""""'i'_. l'""l‘"'l"’“l"
= -8, - =
g
a1 T4 4
. @ ] *-“-H —
E  —oa
£ oal B
F—— ' . !
- Tk i .
=3B
L= 3 -1
o f 1 ..'H-'I' i 3 =i
o PE Ll L T I T
ety LA R e TS RN
-, d. ]
- = LR 1 | R
=] LMl =T foNr=E Y
o oa L EEA [ Ii?-l

Figure 13. Protein-protein interference signals from the 30S ribosomal subunitof E.coli. Scattering profiles were determined on samples consisting
either of equal parts of the doubly substituted and unsubstituted particles, or of equal parts of the two possible singly substituted preparations. These
profiles were then subtracted from each other to give the difference curves in the figure. Four samples are shown.

Figure 14. Three orthogonal views of the low resolution structure of the 30S ribosomal subunit of E.coli.
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Figure 15. Don Engelman preparing an experiment on a makeshift ‘small angle station’, the detector is moved by a crowbar.

3.4 Membrane and Fiber Diffraction The concept of contrast enhancement was also employed to study membrane
structures. Contrast enhancement, particularly specific deuteration, became a powerful tool in the one-dimensional
diffraction analysis of membrane structures [6,7,69,70,71,72].

For example, the membrane-bound enzyme, Na/K-ATPase, regulates Na+ and K+ concentrations and energy
metabolism, and was also implicated in regulation of the transport of H+, Ca++, glucose, and amino acids, as well as
being the receptor for the cardiac glycosides. The ultimate goal of this work was to determine the low resolution
structure. The first step towards deriving significant structural information by way of diffraction experiments on
membrane proteins in lipid bilayers was to develop a method for preparing oriented membrane multilayers that would
diffractto about 1/10A. Well ordered multilayers of Na/K-ATPase membrane sheets were prepared by ultracentrification,
partial dehydration, followed by orientation in an intense (8 Tesla) magnetic field [73].

Contrast matching techniques also played a major role in the study of oriented but non-crystalline systems such as
retinal rods (Figure 16) [9,70], lipid bilayers (Figure 17) [74,75,76], bacteriorhodopsin [8,77], and muscle [78,79].
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Figure 16. Neutron scattering profiles of intact retinas from Rana catesbiana frogs equilibrated in D20 Ringer’s solution. Patterns (1), (2) and
(3) show successive enhancement of Bragg diffraction achieved by improvements in dissection technique, specimen stability, and sample cell
design. Pattern (4) was obtained with only two retinas in the beam and a two-dimensional position sensitive detector.
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Figure 17. The measured neutron scattering density as a function of distance through reconstituted membranes of dipalmitoyl lecithin with and
without cholesterol.

4. INSTRUMENTATION DEVELOPMENT

4.1 Devices

In order to offset the inherent limitations of neutron source intensity, we recognized that major developments in neutron
scattering instrumentation were required if the techniques were to make a significant impact on the field of structural
biology. The early uses of neutron scattering and diffraction for the analysis of biological structures were paralleled by
extensive developmentof equipment including the multilayer monochrometerand advanced position sensitive detectors
(PSDs).

Multilayer monochromator. As mentioned previously, the concept of the multilayer monochromator originated from
studies on highly oriented membrane systems. We translated this observed phenomenon into layers of two dissimilar
metals (usually Ni and Ti) deposited on a float glass substrate. Over the next decade or so we carried out many
experiments to perfect the technology and to understand the science of stacks of thin (~50-250A) metal layers. As it
turned out, multilayer monochromators are extraordinarily efficient neutron wavelength selection devices with high
reflectivity (up to 98%), tunable wavelength (A) and bandwidth (AA/A), and negligible harmonic contamination (A/n).
By adjusting the d-spacing of the repeating layers, we could select A and AA/\ by Bragg diffraction of an incident
neutron beam of known divergence.

This became particularly important in protein crystallography, for example, where the use of neutron beams with larger
AN is one way to increase flux [5,80]. Clearly to maximize the amount of radiation a crystal can diffract, AA, beam
divergence and the crystal’smosaicity have to be matched. Most monochromatorsproduce a nearly monochromaticbeam
with a AA much less than the crystal can ‘accept’ - typically about 0.1A. With the use of appropriate multilayer
monochromators, AA can be tailored to match the crystal’s mosaicity and preliminary trials at the HFBR showed that
gains of 3x in diffraction intensity were easily achieved [5].

As we improved the technology and our understanding, we were able to prepare very efficient multilayers with a d-
spacing of ~50A which enabled the selection of shorter A. In addition, it was shown that multilayers made of suitable
materials could be used as very efficient neutron polarizers [81], and ultimately supermirrors were developed by
introducing a continuous variation in d-spacing [82,83]. In a field focussed on maximizing the neutron flux at the
sample position, the multilayer monochromator system has been used with considerable success [4,84,85,86,87,88].

Position sensitive detectors. In our first efforts to achieve a PSD we simply replaced the single detector with a five-
detector system using a white beam with individual monochromators [89]. However, this was soon replaced with an
in-house built linear PSD using a graphite coated anode. Unfortunately this device proved quite unstable and the
Instrumentation Division at BNL developed a 30cm long linear *He PSD detector. This started a long-term and very
productive relationship with the Instrumentation Division. Initially we were faced with a number of choices for the
technology of large efficient PSDs, however, we considered the gas detector— specifically the proportional gas detector
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— would provide the best option for the types of systems envisaged. The major challenges included the detection
efficiency and spatial resolution, especially given the large sizes we were planning. We started with small active areas,
18cm by 18cm (Figure 18), however we were soon contemplating a 50cm by 50cm, high efficiency detector for the
SANS instrument.

Major improvements in both SANS research and in protein crystallographywere achieved by use of efficient PSDs with
good resolution and positional stability [21,90,91,92,93,94]. The sophisticated detector technology can now produce
detectors of incredible performance such as the detector built for the spallationneutron station at LANSCE (Figure 19).
This detectoris cylindrical and covers 120 degrees with a radius of 70cm. The neutron sensitive areais contiguous with
8 separate readout systems to achieve a total counting rate of more than 10° n/sec.

. el .
Figure 19. The large position sensitive detector built by the Instrumentation Division at BNL for the protein crystallography station at LANSCE.

4.2 A Protein Crystallography Station at a Spallation Source
To enhance neutron beam intensity, the quasi Laue technique [5] is particularly well suited for protein crystallography
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at reactor sources, and can be tailored to spallation neutron sources. Classical spallation neutron techniques use fully
decoupled moderators producing neutron beams that travel along beam pipes as a function of their velocity with short
wavelength neutrons arriving at a target station first, followed by the longer wavelength neutrons. Note that the velocity
of a neutron is inverselyrelated to its wavelength(v = 3956/ m/s). Spallation neutron beams ata given time are nearly
monochromatic and over the pulse time produce a contiguous wavelength band typically in the range from 0.5 to 6A.
The delta function (per time slice) like characteristics of such fully decoupled moderators can be broadened by using
partially decoupled moderators giving a finite AA but with a 4 fold flux increase [95].

The Protein Crystallography Station built at the Los Alamos Neutron Science Center (LANSCE) (Figure 20) uses such
a decoupled moderator [96]. The moderated neutrons are extracted down a beam-pipe. From the moderator, neutrons
travel a total flight path length of 28m down a vacuum pipe with collimation inserts that taper the neutrons to produce
a beam with 0.1 degree divergence (matched to the average crystal’s mosaicity). This 28m source-to-targetlength allows
observation of neutrons between 0.7 and 6A with a AA of about 0.1A. A chopper system removes unwanted high- and
low-energy neutrons to protect the sample and detector from fast neutrons and gamma radiation produced during the
initial proton pulse. A k-circle goniometer allows for crystal orientations. A complete data set can consist of many
thousands of reflections and typically requires between 12-30 crystal settings depending on the symmetry of the crystal.
A large cylindrical PSD fabricated by the Instrumentation Division at BNL collects as many of the spots as possible
at each crystal setting without having to re-position the detector (Figure 21). The whole data collectionprocess involves
a number of dedicated computer systems to decode the position of diffracted neutrons, time stamp the neutron’s arrival
time and ultimately integrate and store the reflections [97]. Initial experiments surpassed our expectations and
preliminary results for rubredoxin and D-xylose isomerase are described elsewhere in these transactions.
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Figure 21. ALaue projection of data collected at one érystal setting from D-iylose isomerase. A total of 181,797 reflections were recorded, over
23 crystal settings (Courtesy of Gerry Bunick and Leif Hanson, ORNL).
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5. SUMMARY

The foundations of modern structural biology were laid in the 1960’s by studies such as those of myoglobin and
hemoglobin by John Kendrew and Max Perutz. These pioneering efforts gave us the first insight into the complex
relationship between structure and function of proteins, and raised a myriad of questions about detailed molecular
interactions involving basic structural motifs such as hydrogen bonding, charge transfer, and non-bonding (van der
Waals) interactions. It was clear that the detailed analysis of these interactions would require neutron scattering
techniques since imaging H atoms by X-ray protein crystallographyis problematic. The 1970’s and 1980’s were periods
of initial major developments — the techniques are now mature and are poised to make a significant contribution to
structural biology particularly with the advent of new and more powerful spallation neutron sources.

6. ACKNOWLEDGMENTS

The author would like to acknowledge the many students and colleagues that made the described work possible.
Particularly I thank Robert Knott for helping with the editing of this paper, and Xinmin Li for help with the figures.
I thank Paul Langan and Gayle Greene for major contributions in the development and fabrication of the Protein
Crystallography station at LANL.

7. REFERENCES

[1] B.P. Schoenborn, H.C. Watson and J.C. Kendrew, Nature 207 (1965), 28.

[2] B.P. Schoenborn, D.L.D. Caspar and P.F. Kammerer, J. Appl. Cryst. 7 (1974), 508.

[3] A.M. Saxena and B.P. Schoenborn, Acta Cryst. 833 (1977), 805.

[4] J.W. Lynn, J.K. Kjems, L. Passell, A.M. Saxena and B.P. Schoenborn, J. Appl. Cryst. 9 (1976), 454.
[5] B.P. Schoenborn, SPIE 1738 (1992), 192.

[6] G. Zaccai, J.K. Blasie and B.P. Schoenborn, Proc. Nat. Acad. Sci. USA 72 (1975), 376.

[7] B.P. Schoenborn, Biochim. Biophys. Acta 457 (1976), 41.

[8] G.I. King, W. Stoeckenius, H.L. Crespi and B.P. Schoenborn, J. Mol. Biol. 130 (1979), 395.

[9] M. Yeager, B.P. Schoenborn, D. Engelman, P. Moore and L.J. Stryer, Mol. Biol. 137 (1980), 315.

[10] G. King, P. Mowery, W. Stoeckenius, H. Crespi and B.P. Schoenborn, Proc. Natl. Acad. Sci. USA 77
(1980), 4726.

[11] G.L. King and B.P. Schoenborn, Methods Enzymol. 88 (1982), 241.

[12] B.P. Schoenborn, V. Ramakrishnan and D. Schneider, Physica 137B (1986), 214.
[13] D.S. Wise, A. Karlin and B.P. Schoenborn, Biophys. J. 28 (1979), 473.

[14] D.S. Wise, B.P. Schoenborn and A.J. Karlin, Biol. Chem. 256 (1981), 4124.

[15] J.M. Pachence, I. S. Edelman and B.P. Schoenborn, J. Biol. Chem. 262 (1987), 702.
[16] J. Schefer, R. McDaniel and B.P. Schoenborn, J. Phys. Chem. 92 (1988), 729.

[17] Y. Ito, M. Harada, S. Ohta, Y. Kagawa, 0. Aono, J. Schefer and B.P. Schoenborn, J. Mol. Biol. 213
(1990), 289.

[18] P.B. Moore, D.M. Engelman and B.P. Schoenborn, Proc. Natl. Acad. Sci. USA 71 (1974), 172.

[19] M. Capel, P. Moore, D. Engelman, D.K. Schneider, B.P. Schoenborn, M. Kjeldgaard, J. Langer, V.R.
Ramakrishnan, I.-Y. Sillers and S. Yabuki, Science 238 (1987), 1403.

[20] W. Stark, B.P. Schoenborn and L. Makowski, Material Science Forum 27/28 (1988), 137.
[21] B.P. Schoenborn, J. Alberi, A.M. Saxena and J.J. Fisher, J. Appl. Cryst. 11 (1978), 455.

[22] Neutron Scattering for the Analysis of Biological Structures, ed. B.P. Schoenborn, Brookhaven Symp.
Biol. 27 (1976).

[23] J.P. Baldwin, P.G. Boseley, E.M. Bradbury and K. Ibel, Nature 253 (1975), 245.

[24] R.P. Hjelm, G.G. Kneale, P. Suau, J.P. Baldwin, E.M. Bradbury and K. Ibel, Cell 10 (1977), 139.
[25] H.B. Stuhrmann, J. Appl. Cryst. 7 (1974), 173.

[26] G. Marguerie and H.B. Stuhrmann, J. Mol. Biol. 102 (1976), 143.

54



(27]
(28]

[29]
(30]

(31]
(32]
[33]
[34]
[35]

[36]
[37]
[38]

[39]
[40]
[41]
[42]

[43]
[44]
[45]
[46]
[47]
(48]
[49]

[50]
[51]
[52]
[53]

[54]
(53]

[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

Evolution and Directions in Macromolecular Neutron Science

Neutrons in Biology, ed. B.P. Schoenborn, (Plenum Press, New York, 1984).

R.B. Knott and B.P. Schoenborn, in: Physical Chemistry of Food Processes, eds. 1.C. Baianu and H.
Pessen (Van Nostrand Reinhold, New York, 1993), p 151.

B.P. Schoenborn, Cold Spring Harbor Symp. Quant. Biol. 36 (1971), 569.

B.P. Schoenborn and J.C. Hanson, ACS Symposium Series No. 127, Water in Polymers, ed. Stanley P.
Rowland (1980), p 215.

S.E.V. Phillips and B.P. Schoenborn, Nature 292 (1981), 81.

J.C. Hanson and B.P. Schoenborn, J. Mol. Biol. 153 (1981), 117.

R.E. Koeppe and B.P. Schoenborn, Biophys. J. 45 (1985), 503.

R.B. Knott, J. Schefer and B.P. Schoenborn, Acta Cryst. C46 (1990), 1528.

B.V. Daniels, B.P. Schoenborn and Z.R. Korszun, in: Neutrons in Biology, eds. B.P. Schoenborn and
R.B. Knott (Plenum Press, New York, 1996), p 325.

B.P. Schoenborn, Acta Cryst. A39 (1983), 315.
B.P. Schoenborn, in: Neutrons in Biology, ed. B.P. Schoenborn (Plenum Press, New York, 1984), p 261.

J.C. Norvell and B.P. Schoenborn, in: Neutron Scattering for the Analysis of Biological Structures, ed.
B.P. Schoenborn, Brookhaven Symp. Biol. 27 (1976), II-12.

B.P. Schoenborn, J. Biol. Chem. 262 (1987), 702.
G. Otting, E. Liepinsh and K. Wuethrich, Science 254 (1991), 974.
W. Gu and B.P. Schoenborn, Proteins 22 (1995), 20.

F. Shu, V.R. Ramakrishnan and B.P. Schoenborn, in: Neutrons in Biology, eds. B.P. Schoenborn and
R.B. Knott (Plenum Press, New York, 1996), p 309.

F. Shu, V.R. Ramakrishnan, B.P. Schoenborn, Proc. Natl. Acad. Sci. USA 97 (2000), 3872.
X. Cheng and B.P. Schoenborn, Acta Cryst. B46 (1990), 195.

A.A. Kossiakoff and S. Shteyn, Nature 311 (1984), 582.

A.A. Kossiakoff and S.A. Spencer, Nature 288 (1980), 414.

A.A. Kossiakoff and S.A. Spencer, Biochem. 20 (1981), 6462.

M.M. Teeter, Proc. Natl. Acad. Sci. USA 81 (1984), 6014.

M.M. Teeter and A.A. Kossiakoff, in: Neutrons in Biology, ed. B.P. Schoenborn (Plenum Press, New
York, 1984), p 335.

R.B. Knott, J. Schefer and B.P. Schoenborn, Material Science Forum 27/28 (1988), 147.
B. Church, Ph.D. Thesis (University of Sydney, 1992).
A.A. Kossiakoff, Nature 296 (1983), 713.

B.P. Schoenborn, in: Structure and Function of Oxidation Reduction Enzymes, eds. A. Akeson and A.
Ehrenberg (Pergamon Press, Oxford, 1972), p 109.

S.A. Mason, G.A. Bentley and G.J Mclntyre, in: Neutrons in Biology, ed. B.P. Schoenborn (Plenum
Press, New York, 1984), p 323.

N.V. Raghavan and B.P. Schoenborn, in: Neutrons in Biology, ed. B.P. Schoenborn (Plenum Press, New
York, 1984), p 247.

H.F.J. Savage and A. Wlodawer, Methods Enzymol. 127 (1986), 162.

B.P. Schoenborn, J. Mol. Biol. 201 (1988), 741.

X. Cheng and B.P. Schoenborn, Acta Cryst. A47 (1991), 314.

X. Cheng and B.P. Schoenborn, J. Mol. Biol. 220 (1991), 381.

J. Jiang and A.T. Briinger, J. Mol. Biol. 243 (1994), 100.

F. Shu, Ph.D. Thesis (SUNY Stonybrook, 1994).

H.B. Stuhrmann, J. Mol. Biol. 77 (1973), 363.

B. Jacrot and G. Zaccai, Biopolymers 20 (1981), 2413.

D.M. Engelman and P.B. Moore, Proc. Natl. Acad. Sci. USA 69 (1972), 1997.

R.P. May, H.B. Stuhrmann and K.H. Nierhaus, in: Neutrons in Biology, eds. B.P. Schoenborn and R.B.

55



Benno P. Schoenborn

[66]
[67]

[68]
[69]

[70]
[71]

[72]
(73]

[74]

[75]
[76]

[77]
(78]

[79]
(80]

(81]
(82]
(83]
[84]

(85]
(86]
(87]

[88]

(89]
[90]

[91]
[92]
(93]
[94]

(93]
[96]

Knott (Plenum Press, New York, 1984), p 25.

D.M. Engelman, P.B. Moore and B.P. Schoenborn, in: Neutron Scattering for the Analysis of Biological
Structures, ed. B.P. Schoenborn, Brookhaven Symp. Biol. 27 (1976), IV-20.

V. Graziano, S.E. Gerchman, D.K. Schneider and V.R. Ramakrishnan, in: Neutrons in Biology, ed. B.P.
Schoenborn and R.B. Knott (Plenum Press, New York, 1996), p 127.

V.R. Ramakrishnan, J.T. French, V. Graziano, P.L. Lee and R.M. Sweet, Nature 362 (1993), 219.

B.P. Schoenborn, A.C. Nunes and R. Nathans, Berichte Bunsengesellschaft fur Physical Chemistry 74
(1970), 1202.

M. Yeager, in: Neutron Scattering for the Analysis of Biological Structures, ed. B.P. Schoenborn,
Brookhaven Symp. Biol. 27 (1976), I1I-3.

J.K. Blaise, B.P. Schoenborn and G. Zaccai, in: Neutron Scattering for the Analysis of Biological
Structures, ed. B.P. Schoenborn, Brookhaven Symp. Biol. 27 (1976), III-58.

R.B. Knott and B.P. Schoenborn, Methods Enzymol. 127 (1986), 217.

J.M. Pachence, R.B. Knott, I.S. Edelman, B.P. Schoenborn and B.A. Wallace, Annals NY Acad. Sci. 435
(1984), 566.

S.H. White and M.C. Werner, in: Neutrons in Biology, eds. B.P. Schoenborn and R.B. Knott (Plenum
Press, New York, 1996), p 203.

S.H. White, G.I. King and J.E. Cain, Nature 290 (1981), 161.

G.I. King, N.-M. Chao and S.H. White, in: Neutrons in Biology, ed. B.P. Schoenborn (Plenum Press,
New York, 1984), p159.

G.I. King and B.P. Schoenborn, Methods Enzymol. 88 (1985), 241.
P.M.G. Curmi, D.B. Stone, D.K. Schneider and R.A. Mendelson, Adv. Biophys. 27 (1991), 131.
P.M.G. Curmi, D.K. Schneider, J.A. Spudich and R.A. Mendelson, J. Mol. Biol. 203 (1988), 781.

P. Langan, B.P. Schoenborn and L.L. Daemon, in Neutron Optics, eds. James L. Wood and lan
Anderson, Proceedings of SPIE 4509 (2001), 66.

C.F. Majkrzak, L. Passell and A.M. Saxena, AIP Conf. Proc. 89 (1981), 131.
F. Mezei, Commun. Phys. 1 (1976), 81.

T. Ebisawa, N. Achiwa, S. Yamada, T. Akiyoshi and S. Okamoto, J. Nucl. Sci. Tech. Japan 16 (1979),
646.

A.M. Saxena and B.P. Schoenborn, in: Neutron Scattering for the Analysis of Biological Structures, ed.
B.P. Schoenborn, Brookhaven Symp. Biol. 27 (1976), VII-30.

A.M. Saxena and B.P. Schoenborn, Acta Cryst. A33 (1977), 813.
A.M. Saxena and B.P. Schoenborn, Material Science Forum 27/28 (1988), 313.

A .M. Saxena and C.F. Majkrzak, in: Neutrons in Biology, ed. B.P. Schoenborn (Plenum Press, New
York, 1984), p 143.

R.B. Knott, in: Neutrons in Biology, eds. B.P. Schoenborn and R.B. Knott (Plenum Press, New York,
1996), p 69.

B.P. Schoenborn, and A.C. Nunes, Ann. Rev. Biophys. Bioengineer. 1 (1972), 529.

J. Alberi, in: Neutron Scattering for the Analysis of Biological Structures, ed. B.P. Schoenborn,
Brookhaven Symp. Biol. 27 (1976), VIII-24.

J.E. Cain, J.C. Norvell and B.P. Schoenborn, in: Neutron Scattering for the Analysis of Biological
Structures, ed. B.P. Schoenborn, Brookhaven Symp. Biol. 27 (1976), VIII-43.

J. Fischer, V. Radeka and R.A. Boie, in: Position-Sensitive Detection of Thermal Neutrons, eds. P.
Convert and J.B. Forsyth (Academic Press, New York, 1983), p 129.

V. Radeka, N.A. Schaknowski, G.C. Smith and B. Yu, in: Neutrons in Biology, eds. B.P. Schoenborn
and R.B. Knott (Plenum Press, New York, 1996), p 57.

B.P. Schoenborn, in: Position Sensitive Detection of Thermal Neutrons, eds. P. Convert and J.B. Forsyth
(Academic Press, New York, 1983), p 321.

B.P. Schoenborn, J.D. Court, A.C. Larson and P. Ferguson, J. Neutron Research 7 (1999), §9.
B.P. Schoenborn and P. Langan, J. Synch. Rad. (2003), (in press).

56



Evolution and Directions in Macromolecular Neutron Science

[97] P. Langan, G. Greene, X. Li and B.P Schoenborn, these Transactions.

57



NEUTRON “SMALL-ANGLE” CRYSTALLOGRAPHY: CONTRAST VARIATION IN
SINGLE CRYSTALS OF BIOLOGICAL MACROMOLECULES.

P.A. Timmins
ILL, Grenoble, France

1. ABSTRACT

The contrast variation technique is best known through its application in neutron small-angle scattering. The concept
was, however, first applied in the early days of X-ray protein crystallographywhen Bragg and Perutz [1] determined the
molecular envelope of haemoglobin by soaking crystals in salt solutions in order to change the electron density and
hence contrast of the solvent with respect to the protein.

By analogy contrast variation using H,O/D,O mixtures or molecule specific deuteration can be used to determine
molecular envelopes in neutron crystallography. This is particularlyuseful when one component of a molecularcomplex
is disordered in the crystal. Such is the case for example in many viruses where the protein coat may be perfectlyordered
but due to symmetry mismatch the nucleic acid is disordered and invisible in standard high-resolution x-ray
crystallographic studies. A similar effectis seen in crystals of membrane proteins where, although the protein itself is
well ordered and its structure can be obtained at high resolution, the detergent used to solubilize the protein is fluid and
disordered and hence invisible in X-ray maps.

In order to measure diffraction from small crystals of large unit cell proteins optimised instrumentation has been
developed exploiting the ILL’s high flux of long-wavelength neutrons. The phase problem can be solved in a manner
similar to single isomorphous replacement exploiting the linear relationship between phase and contrast if the structure
of one component in the crystal is known.

The structure determination of detergent/membrane-protein complexes is a particularly good example of the low-
resolution crystallographic method illustrating the unique power of neutrons in identifying molecular interactions in
crystals. A number of examples in which protein-protein, detergent-detergent and protein-detergent interactions have
varying significance will be shown

2. INTRODUCTION

The overall shapes and location of different componentswithin a biomolecular complex are often determined by neutron
small angle scattering using the H/D contrast variation method (reviewed in [2]). The major drawback of solution
scattering is that the particles in solution take up all possible orientations and a unique solution to the scattering
problem does not exist. Modern modellingmethods [3] go some way to removing this problem but still do not provide
a unique solution. Moreover, the averaging in solution leads to rather weak scattering such that information extends
often to a resolution of only about 20A. There are however a number of cases in which such large macromolecular
complexes form crystals which are not sufficiently ordered as to allow the whole structure to be determined at high
resolution but are sufficiently ordered as to give shape and orientational information at a resolution ~10A. Such studies
are the subject of this review that extends and updates previous work [4,5,6].

3. LOW-RESOLUTION DIFFRACTION - WHAT USE IS IT?

The very existence of crystals of biological macromolecules diffracting to high resolution implies in the eyes of many
investigators that a high (quasi-atomic) resolution structure of the whole macromolecule can be obtained. It has been
shown, however, that this is often not the case. Striking examples come from virus crystals where the protein coat may
be ordered at very high resolution whereas the nucleic acid in the interior is, according to X-ray electron density maps,
invisible. A similar resultis obtained from crystallographicstudies of crystallized membrane proteins, where the protein
itself is highly ordered but the protein bound detergent is essentially invisible apart from a very small number of single
detergent molecules. Why should this be?
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3.1 Virus Crystals

In the case of virus particles there is a rather special effect due to a symmetry mis-match. The crystal contacts are made
exclusively through interactions between the coat proteins. These are arranged on the surface with exact icosahedral
symmetry (532) and the 2- or 3-fold symmetry axes may or may not coincide with crystallographic symmetry axes.
There are therefore at least 20 different but equivalent orientations of a single virus particle as far as the coat is
concerned. The nucleic acid is however asingle or, in some cases, a few strands of nucleic acid which cannot have any
internal symmetry and can certainly not match the symmetry of the coat. The nucleic acid is therefore “unaware” of the
coat symmetry and is most probably assumes a different, random orientation with respect to the crystal symmetry axes
in each virus particle. An electron density or scattering length density map involving the nucleic acid is therefore
averaged over all the orientations found in the crystal. If the nucleic acid has a unique rigid conformation within the
virus particle we would therefore, at best, see an icosahedrally averaged density. In practise the conformation could be
different from one particle to another or the nucleic acid could be mobile and the density would be a time-average over
the different conformations.

3.2 Membrane Proteins

Membrane protein crystals constitute another class of complexes where the protein is generally highly ordered whereas
the solubilising agent, detergent, which simulates in some ways the natural membrane is often invisible in electron
density maps. In this case the lack of density is probably due to the fluidity of the detergent phase. Thus, although the
phase is confined to a well-defined volume within that volume the molecules are mobile and thus a time and space-
averaged picture shows no high-resolution density.

4. THE ADVANTAGES OF NEUTRONS

It may still be asked why X-ray diffraction does not show low-resolution density in these cases. In fact the whole
concept of contrast variation originated from experimentsby Bragg and Perutz[1] to try and determine the overall shape
of haemoglobin using salt solutions to modify the electron density of the crystal solvent with respect to the protein.
The natural contrast between protein and water is very low for X-rays; the electron density of RNAse for example is
0.432e¢A” and for pure water 0.335¢A™. The addition of salt to water raises the electron density even closer to that of
protein. Small molecules such as sucrose or indeed high salt concentrations may be used to vary the contrast but the
chemical effects of such additives are often such as to destabilise the crystal or even the complex itself or alter the
conformations of the componentmolecules. The exchangeof deuterium for hydrogen is a much less perturbativechange.
In addition it is not trivial to collect low resolution X-ray diffraction data from crystals of biological macromolecules
although a number of workers have built specialised beam-lines to do this (7,8). Thus in principle it is possible to
determine a molecular envelope by X-rays but there remain severe restrictions of a practical nature. Recent experiments
to improve contrast using Xenon as a contrast agent have been described [9] and their limitations have been discussed
[9,10].

5. CONTRAST VARIATION

The arguments given above to explain the absence of high resolution structure indicate that there still exists structure
at low resolution but that for X-rays this may be difficult to measure due in particularto lack of contrast. Manipulation
of contrast in neutron scattering is particularly straightforward and has been heavily exploited for many years in neutron
small angle scattering. The presence of a well-defined solvent (water) phase in crystals of macromolecular complexes
means that the same principles may be applied in neutron crystallography — hence the term small-angle neutron
crystallography. Figure 1shows the neutron scattering length density for a number of chemically distinct components
of biological molecules. These are calculated from the atomic composition of average proteins, nucleic acids etc and
do not vary greatly between for example different proteins. The values shown for detergents and lipids may vary
considerably however depending particularly on the balance between hydrophilic head and hydrophobic tail.

At low resolution the scattering is due to the contrast between solvent and macromolecule, i.e. the difference in
scattering length density. Thus for example proteins have a zero scatteringlength density difference with respect to water
in a solution containing ~40%D,0/60%H,0. This concentration at which a particle has zero contrast is known as the
isopicnic point. It should be noted that the concept of zero contrastapplies only to the average scattering length density
and hence only to scattering at Q=0. At all other Q-values there will be some contributions from internal scattering
length density fluctuations within the molecule such that there are always some parts of the molecule that have a
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positive or negative contrast. Hence the Bragg scattering is a minimum at the isopicnic point but is not zero. A striking
point of Figure 1 is that the scattering length densities of H,O and D,O encompass those of all other natural
components of biological macromolecules. The only exception to this is the case of fully deuterated protein or nucleic
acid which have a scattering length density greater than that of pure D,O.
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Figure 1. Neutron scattering length densities of biological macromolecules as a function of the deuterium content of the solvent water.

6. INSTRUMENTATION AND DATA REDUCTION

One of the difficulties encountered in low resolution protein crystallography is the problem of measuring data at very
low resolution — including for example the first order of a 700A unit cell. Modern synchrotron radiation with its highly
collimated beams and advanced optics can overcome to a large extent such problems, at least on a purpose built
instrument. The effect of contrast agents on the native structure due to specific binding or inhomogeneous diffusion is
however less well understood. Hence cold neutrons and H/D contrast variation can be combined to measure neutron
diffraction data in a rather simple way. A dedicated diffractometer was constructed at ILL some years ago as
collaboration between ILL and EMBL. This instrument, DB21, is a four-circle diffractometer with multi-detector and
is described in some detail in Roth et al. [11,12]. A schematic representation of the instrument is shown in Figure 2
The beam is monochromated by a potassium intercalated graphite crystal giving a neutron wavelength of 7.56 A and
a wavelength spread of ~2% (FWHM) or a pyrolytic graphite crystal giving a wavelength of 4.6A. The beam is
collimated using LiF pinholes and a graphite collimator after passing a series of graphite filters for eliminating1/2, 1/3
and 1/4 contamination. The detector is of the Anger camera type allowing a resolution of 1.75 x 1.53 mm. Due to the
g-sensitivity of this detector no cadmium is used in beam defining apertures that are instead made of LiF backed with
B4C. A single crystal of Bi removes in-beam g-radiation.
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Figure. 2 Schematic representation of the DB21 instrument.
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Data acquisitionis by f- or w-scans.In low symmetryspace groups reorientationof the crystal may be required to obtain
a full data step due to the rather restricted reciprocal space coverage of the current detector. Determination of the crystal
orientation may be difficult at low resolution and many of the standardauto-indexing algorithmshave failed. A program
based on the graphics package ‘O’ has been written to allow manual rotation of the known reciprocal cell into the
reciprocal space diffraction pattern in order to determine the crystal orientation [13]. Data reduction is carried out using
a modified version of XDS [14]. Another problem that arises is the scaling of data measured from crystals of different
H,0/D-0 content. This is done by using the parabolic relationshipbetween intensities or the linear relationshipbetween
structure amplitudes in centric zones [15] as described in eqn 2 below. This of course requires consistentindexing which
in certain enantiomorphic space groups may be a problem. For example in space group P312 it is impossible to
distinguish between hkl and khl reflections. In high resolutiondata this problem can be resolved when the final structure
is known but in the neutron low resolution case it is absolutely necessary to carry out a correct scaling. In practise it
may be necessary to perform the scaling using all possible combinations of index and to select that having the best
scaling for all reflections.

7. DATA ANALYSIS

7.1 The Crystallographic Phase Problem
The variation of the crystallographic structure factor as a function of contrast can be expressed as:

F(hX)=F(h0)+ XF(h) p oo (1)

where is the reciprocal lattice point
X is the mole fraction of [D2O]/[D2O]+[H»O] in the crystal

ﬁ (h) ypls the vector difference between the structure factor in H2O and that in D0.

Multiplying by the complex conjugate we obtain the diffracted intensity:
I(h, X) = F(h,0)* + 2X cos ¢F (h,0)F .., (h) + X F.p(h)  ...(2)

where fis the phase angle between F (h,0) and Fi (h) -

This relationship has several important consequences for low resolution crystallographyincluding, as mentioned above,
the possibility of scaling together data from different contrasts and the interpolation of missing data [16]. In terms of
structure solution it is of fundamental importance as it means that the phase difference, f between any two contrasts,
of a reflection (h), may be determined except for the sign (%), if the amplitudes at 3 contrasts are known. Therefore if
the structure is known at any one contrast then the phases at that contrast may be calculated and then determined at any
other contrast except for knowledge of the sign. In the particular case of centrosymmetric reflections where f= 0 or p
then there is of course no ambiguity and the phase may be calculated at any contrast [17].

In most studies carried out to date the structure of one component of the macromolecular complex has been determined
by X-rays or could be modelled from other information. Hence structure factors calculated from the known part of the
structure ata contrast where the other component is visible provide starting phases for the determination of the structure
at any contrast. This is illustrated in Figure 3, which demonstrates the vector relationships between structure factors
at four different contrasts. The two triangles bounded by Fg, FHD and Fp are the two possible relationships which can
be constructed through knowledge of the structure factor amplitudes alone following eqn. 1, and corresponding to the
two possible signs of f. This particular figure illustrates the case of, for example, a protein/RNA complex where data
would be measured at 40% D20 where the protein is invisible, 70% DO where the RNA is invisible and two other
contrasts, 0 and 100% D70. In this case we imagine that the protein structure is known and that the RNA structure is
to be determined. We may therefore calculate the phase of the structure factor in 70% D20 and thus determine the

orientation of the phase triangle with just the ambiguity of sign corresponding to the two triangles shown. This is very
closely analogous to the situation of single isomorphous replacement [18,19] in X-ray protein crystallography. Once
this (ambiguous) phase has been determined then the ambiguity may be resolved and an approach to the true phase may
be made using density modification based on constraints such as the invariability of the known part of the structure,
solvent flattening or non-crystallographic symmetry averaging [20,21].
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Figure 3. Vector diagram illustrating the relationship between structure amplitudes and phases at different contrasts. The two vector triangles are
oriented arbitrarily with the Fyp vector parallel to the real axis.

8. A COMPARISON OF PROTEIN DETERGENT INTERACTIONS IN A NUMBER OF MEMBRANE
PROTEIN CRYSTALS

Because of the very different scattering lengths of protein and detergentand in particular the very high contrast obtained
between detergent and D,O, complexes of protein and detergent make ideal objects for study by neutron contrast
variation. X-ray crystallographic studies have to date succeeded in resolving the structure of a number of membrane
proteins and in some cases individual tightly bound detergent or residual lipid molecules have been observed but in no
case has this method been able to visualize the solubilizing belt of detergent. Using the known X-ray structure and
neutron diffractiondata measured at a number of H,O/D O component contrasts it has been possible to calculate neutron
scattering length density maps which show only the detergent. The methodology has been described in some detail by
Roth et al., 1991 [20]. Briefly, starting phases are obtained from the X-ray crystallographic model and these phases
are applied to the data measured at the match point of the protein. The contrast variation relationship (Eqn 2) allows
the phases to be extended to other contrasts by a procedure rather like single isomorphous replacement. The phases are
then improved by solvent flattening and density modification. The key factor here is the detergent content of the cell.
The volume in which the protein is located is known from the X-ray structure but generally speaking the amount of
detergent in the crystals is unknown. It is therefore necessary to estimate this and to perform solvent flattening and
density modification as a function of the detergent content as a variable parameter.

9. REACTION CENTERS AND LIGHT HARVESTING COMPLEXES

The first membrane protein/detergent structures to be studied by low resolution neutron crystallography were the
photosynthetic reaction centers of Rhodopseudomonas viridis [21] and Rhodobacter sphaeroides [20]. In the reaction
center from R. viridis only one molecule of the detergent N,N’ dimethyldodecylamine N-oxide (LDAO) could be
visualized in the high resolution X-ray maps. The neutron diffraction results show the reaction center to be surrounded
by a detergent belt some 25-30A thick. This corresponds to roughly twice the length of an extended LDAO molecule.
The aliphatic chain of the detergent molecule observed in the X-ray maps falls within the neutron density although its
polar head is outside. The lack of density corresponding to the head may be due to its small size compared with the
resolution of the data and to its rather low scattering density arising from disorder and hydration. As Roth et al. point
out it should also be noted that in the case of the reaction center the detergent does not necessarilymimic the biological
membrane as in the real membrane the reaction center is surrounded by and makes contact with several light harvesting
molecules.

The photoreaction center from R. sphaeroides crystallizes in the presence of n-octyl-b-glucoside (b-OG) and the small
amphiphile heptane-1,2,3-triol (HP). Michel [22] was the first to use small amphiphiles in membrane protein
crystallization and suggested that they had the effect of reducing the size of detergent micelles and thereby facilitating
crystallization ofthe membrane protein/detergent complex. This effect was confirmed in neutron small angle scattering
experiments by Timmins et al. [23] which showed that HP was indeed included in micelles at least of LDAO and
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decreased their radius of gyration. Gast et al [24] also showed by turbidity measurements that addition of 5% HP
decreased by a factor of two the amount of LDAO bound to the reaction center of R. viridis. The most striking
observation in the neutron diffraction results on the R. sphaeroides reaction center was that the detergent ring formed
by the b-OG was almost identical and size and shape to that formed by the LDAO around the R. viridis reaction center.
Given the similarity in total length of b-OG and LDAO it would appear that detergent size/geometry plays a key role
in the crystallization of membrane proteins.

As mentioned above the reaction centres are usually found in the membrane closely associated with several copies of
light harvesting proteins and therefore the protein-detergent interactions observed in the crystal may not always be
representative of protein lipid interactionsin the membrane. Recently a study has been published on the light harvesting
complex LH2 from the photosynthetic purple bacterium Rhodopseudomonas acidophila, a nonameric complex with a
central hole which in vivo contains membrane lipids [25]. The complex was crystallized from solutions containing b-OG
and experiments were performed using both hydrogenated and tail deuterated detergent. As well as demonstrating the
presence of a detergentring as with other membrane proteins the experiments also showed the central hole to be occupied
by two detergent/amphiphile micelles which must have displaced the original lipid during purification.

10. PORINS

Another class of membrane proteins to be studied were the outer membrane proteins known as porins. In contrastto the
bacterial photosynthetic reaction centers these proteins form multi-stranded b-barrel structures which are deeply
embedded in the membrane with relatively small protruding loops. The Ompf porin from E. coli was in fact, along
with the photosynthetic reaction center from R. viridis, the first membrane protein to be crystallised in the early 1980s
[26,27]. Due however to technical crystallographic problems its structure was not solved until 1994 when a trigonal
form was crystallized and served as model for a molecular replacement solution [28]. The neutron crystallographic
analysis of the tetragonal form [29] showed very clearly the detergent belt bound to the hydrophobic surface of the
protein and suggested how the protein is anchored in the membrane. Figure 4 shows how the detergent is binding
surface is clearly delimited by two lines of aromatic amino acids with tyrosine residues directed towards the headgroups
and phenyl alanines towards the hydrophobic acyl chains. This had been surmised from the X-ray structure but the
absence of any density in the electron density maps did not allow this to be demonstrated. Another important
observation to come from the neutron diffraction analysis concerned the packing of the molecules in the crystal. The
X-ray structure shows the Ompftrimers to pack as two interpenetratinglattices with no protein-proteincontacts between
molecules in the separate lattices. The question then arises as to how such a structure is stabilised. The answer was
provided by the neutron data which showed the two lattices to come into contact through the detergent belts of adjacent
molecules. The crystal is therefore stabilised by protein-protein, protein-detergent and detergent-detergent contacts.

Figure 4. Detergent (green) binding in tetragonal crystals of Ompf. Note the binding surface delimited by aromatic residues (orange).

The trigonal form of Ompf is very different from this [30]. The Ompf trimers here form columns of molecules running
in opposite directions with protein-protein contacts being responsible for the interactions within each column. The
columns of molecules are then held together by fusion of the detergent rings surrounding the hydrophobic protein
surfaces. No distinct detergent belts remain but protein trimers interact directly through hydrophobic interactions or
mediated by patches of detergent (Figure 5). X-ray contrast variation using salt solutions has also been used to
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investigate detergent binding in these crystals [9]. Although the detergent containing volumes determined by neutrons
and X-rays partly overlap there are significant differences. This is due most probably to the xenon penetrating only the
most hydrophobic parts of the detergent (the tails) as well as into the surface of the protein [9,10]

Figure 5. Neutron scattering density map showing the detergent (red) distribution in trigonal crystals of Ompf porin from E. Coli. Note the
hydrophobic protein-protein contacts.

Another outer membrane proteinto have been studied is the outer membrane phospholipase A (OMPLA) from E.coli.
The structure of this protein is a 12 stranded b-barrel and its active form is adimer [31]. Here the neutron data showed
a detergent structure distinct from any other of the known structures with a continuous detergent phase throughout the
crystal, somewhat reminiscent of lipid cubic phases. An attempt was also made in this case to obtain the structure from
x-ray diffraction of Xe soaked crystals but the results were not consistent with the neutron maps.

11. CONCLUSIONS

Neutron low resolution crystallography is a powerful technique for visualizing disordered regions in crystals of
biomolecular complexes and in particular the localisation of detergent in crystals of membrane proteins. The technique
of course relies on the availability of crystals but these do not necessarily have to be very large as required for high
resolution crystallography — 0.1 mm’ or less is sufficient. The membrane protein structures studied to date have
demonstrated that not only are protein-protein interactions important in the formation of crystals but that in some cases
protein-detergent and even detergent-detergent interactions can be crucial.
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1. ABSTRACT

We have designed a dedicated best-in-class high throughput and high resolution time-of-flight single crystal macro-
molecular neutron diffractometer (MaNDi) at the SNS high power target station to fulfill the enormous interest
shown by the macromolecular crystallography community. MaNDi has been designed to be able to collect a full
hemisphere of Bragg data with a resolution of 1.5 A on a macromolecular crystal with a lattice constant in the range
of 150 A (Dd/d = 1%) in about a week. Design calculations show that the data rates at the MaNDi instrument will be
over 50 times greater than those for the best existing facilities. The unprecedented high data rates and high resolu-
tion with MaNDi for neutron macromolecular crystallography will greatly advance the fields of structural biology
and enzymology.

2. INTRODUCTION

Neutron macromolecular crystallography (NMC) can provide accurate information on the positions of the protons
and water molecules at active sites of enzymes even at a moderate 2.0 A resolution.'”* Although UHRMXC at third
generation X-ray synchrotrons can locate the positions of protons in cases where highly ordered crystals are avail-
able, in many instances the structural information obtained for solvation shells and protonation states at critical sites
of the enzymes continues to remain inadequate. Enzymologists, molecular biologists and protein crystallographers
are seeking complementary techniques for accurate determination of the positions of the protons and water mole-
cules at active sites of enzymes in order to elucidate the mechanistic details involved in their function.

NMC offers a number of unique advantages to structural biology. The large difference in the neutron scattering
cross-sections of hydrogen and deuterium nuclei allows for the extraction of important structural information on
exchangeable protons and bound water in macromolecules.*'® Deuteration of macromolecules enhances visibility of
hydrogen atoms and increases the data rates by a factor of 8 compared to the crystals of normal counterparts.'* Since
long wavelength neutrons do not cause any radiation damage to macromolecular crystals, experiments can be readily
carried out at room temperature. Time-of-flight neutron diffraction techniques at pulsed neutron sources increase the
data rates and resolution by the usage of a large wavelength band separated into a large number of wavelength chan-
nels and a large detector solid angle coverage.

A survey of the literature indicates that the overall contribution of NMC has so far been limited. One major reason
for the limited impact is the lack of beam time at instruments dedicated to macromolecular crystallography and in-
trinsic flux limitation at the current facilities. At present there are only 3 dedicated instruments that are recognized to
be useful for high resolution single crystal neutron macromolecular crystallography: LADI at the Institut Laue-
Langevin (ILL), Grenoble, France; BIX3 at the Japan Atomic Energy Research Institute (JAERI); and PCS at Los
Alamos National Laboratory. While LADI and BIX3 have been operational for a few years, the time-of-flight dif-
fractometer PCS at the LANSCE pulsed neutron source has become available only recently. Thus the field of NMC
has been severely constrained by the lack of dedicated instruments. The advent of the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory offers an excellent opportunity for the development of a powerful high
resolution diffractometer that has a potential to narrow the gap in this area of research.

3. DESIGN OF MANDI
By employing well established analytical procedures and Monte Carlo simulations™ the performance of MaNDi at

both the coupled and decoupled liquid hydrogen moderators at the SNS has been investigated. Although a coupled
hydrogen moderator, due to its long pulse widths, can provide higher neutron flux, calculations show that for the
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high resolution applications in structural biology MaNDi requires a high resolution moderator such as the decoupled
liquid hydrogen moderator at SNS that can provide high cold neutron flux in the wavelength region 1.5 to 5A and
narrow pulse widths.

MaNDi has been designed with a 24.5 m flight path wherein a useful wavelength bandwidth of about 2.7 A (without
any frame overlap) will be available, given that the source frequency is 60 Hz at SNS. It will employ a set of 3
choppers at 7.2 m, 8.2 m, and 10.4 m downstream from the moderator, respectively, for the selection of wavelength
bandwidth. State-of-the-art high index neutron supermirror guides will be used for the efficient beam transport
leading to a flux gain at the sample position in the range of 2-10 when compared to that with no guide. A curved
guide in the middle section will reduce the overall instrument background and will eliminate any potential radiation
damage by y rays and high energy neutrons from the target to the crystals of biological samples. The combination of
a wide wavelength bandwidth and large solid angle detector coverage will provide unprecedented high through-put
and resolution for MaNDi in comparison to the current facilities for NMC.

Figure 1. 3D conceptual model of MaNDi

3.1 Layout of MaNDi
The layout and the parameters of the MaNDi instrument determined from analytical calculations and Monte Carlo
simulations are shown in Figure 1 and Table 1, respectively.

3.2 Moderator Choice

Since high resolution structural biology requires high neutron flux a coupled hydrogen moderator** has been pro-
posed by many for NMC applications. However, when high resolution data for crystals with unit cell size in the
range of 150 A are required our calculations show that it is important to consider both the flux and the resolution
(pulse lengths of the emission time) of the moderator. The increased flux from the coupled moderator (8X that of the
decoupled moderator) comes at the cost of a pulse width that is about § times larger than that of the decoupled mod-
erator. Monte Carlo simulations show that if MaNDi views a coupled hydrogen moderator the long tails in the emis-
sion times (pulse width) will be detrimental to its resolution.
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Table 1

Instrument parameters of MaNDi

Moderator Moderator type Top Upstream
Material Para-Hydrogen
Decoupler Cadmium
Poison Gadolinium
Poison depth 27 mm
Width 0.10 m
Height 0.12m
Curved Guide Starting point 6 m downstream
Width 1.5cm
Height 1.5cm
Length 12m
Supermirror coating m=3
Total turn angle 0.43°
Radius of curvature 1599 m
Line-of-sight lost ~20 m
Straight Guide Starting point 18 m downstream
Width 1.5cm
Height 1.5cm
Length Variable: Depends on resolution require-
ment
Supermirror coating m=3
Bandwidth Choppers Positions 72m,82m, 104 m
Moderator-to-sample distance 24 m
Wavelength range 20A=<A=469A AL=2.69 A
Wavelength resolution =~0.15%
Sample-to-detector distance 0.4 m
Detectors Array of 2-D PSDs 1 mm resolution scintillation detectors

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

The integrated intensities /47 are reduced to structure factor amplitudes |F,;| based on the Laue formula:

|2

hkl

Ihkl = ‘p()‘)L

c

)\'4
V. V. 2sin’0

()

wheref(/) is the incident neutron intensity per unit wavelength range at wavelength / (n-cm™sec”-A™), V; is the sam-
ple volume, V. is the crystal unit cell volume, Fj,; is the structure factor, and 2qg is the Bragg angle. Terms for the
detector efficiency, sample absorption and extinction have not been included.

Equation (1) can be rewritten as

V. 2
Ihkl = ¢()‘)V_32 Fhkl| )"zd;kz (2)
This leads to an effective flux of
fee(D) = AD)-F 3)

In this case, one takes into account that for any Ak, the d-spacing is constant regardless of the angle. Then, the opti-
mal wavelength for measuring all Bragg peaks is the same, but the optimal angle will be different for each hkl.

69



P. Thiyagarajan, A.J. Schultz, Ch. Rehm, J.P. Hodges , W.T. Lee and A. Mesecar

Multiplying the flux for the decoupled hydrogen moderator by /* at each wavelength gives the curve shown in Fig-
ure 2. It is clear from Figure 2 that wavelengths in the range of 1.5 to 5.0 A provide the highest effective flux.

30x10" o
25x10'" 4
2.0x10" 4
1.5x10"%

1.0x10"

25i(2), n-Alster/pulse

5.0x10"" 4

0.0 4

T T T T T T T T T T T T T
0 1 2 3 4 5 6

Wavelength, A

Figure 2. Plot of (1), n-A/ster/pulse, versus wavelength for the decoupled, poisoned hydrogen moderator.

In Figure 3, the wavelength dependence of the ratios of the total intensity from the coupled and decoupled modera-
tors is plotted. This is the gain in total intensity provided by the coupled moderator. It is seen that for wavelengths
of about 2.5 A or greater a flux gain of 8X can be obtained with the coupled moderator. However, for wavelengths
below 2.5 A the gain decreases dramatically.

10 1 . e,

8 - .:” Rt AL ’
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2 /’:
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0 2 4 6 8 10

Wavelength, A

Figure 3. Intensity gain for the coupled hydrogen moderator obtained by calculated the ratio of the total intensities of the pulse at each wave-
length of the coupled and decoupled moderators.

3.4 Resolution with Different Moderators
For a cubic unit cell with lattice constant a, it can be shown that to resolve two Bragg peaks at dy,;, the condition in
Equation (4) has to be fulfilled

R < Doin. (4)
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where the resolution R is based on a Gaussian distribution. For single crystal diffraction, it is not sufficient to resolve
peaks, but to be able to integrate the intensity under the peak. Therefore, the peaks have to be fully separated such
that the resolution requirement is¥2¢

d_.
R < min (5)
Sa
since from -2.5s to +2.5s about the mean contains almost 99% of a Gaussian peak. Hence
d_.
R < min (6)
PPV 2 124

It should be noted that 99% of the peak is not necessary. If this is relaxed to 90%, then the peak width becomes sub-
stantially smaller.

The pulse width time resolution contributes primarily to the resolution parallel to the diffraction vector, whereas the
angular resolution primarily contributes to that in the perpendicular direction. From Jauch?’, the condition
2

At (FWHM) < 238.1L(‘%ﬂ) sinf (7)

must be met for peaks to be completely separated peaks in the direction of the reciprocal lattice vector at d,,;, for a
crystal with a unit cell axis length of a. In this equation, the units are: ¢, ms; L, m; dy;, and @, A. For a Gaussian
peak, the full width of 5s is then 2.12 times the Dt,u(FWHM) obtained from equation (7).

3.5 Effective FWHM of the Pulses

Figure 4 shows the pulse shapes for 2.55 A neutrons from the coupled and decoupled hydrogen moderators. For the
coupled liquid hydrogen moderator, the intensity at the peak region of the pulse is only about 1.5 times greater than
that from a decoupled liquid hydrogen moderator. However, the pulse width is over 8 times larger for the coupled
moderator. Thus the pulse shapes are not Gaussian so that 2.13FWHM does not contain 99% of the peak. The val-
ues for the coupled and decoupled parahydrogen moderators are compared in Table 2. Since 99% can be considered
as too difficult to achieve, we have adopted a goal of 90% of the total intensity, or 10% of the maximum, whichever
is longer. It is seen from Table 2 that the eightfold gain in intensity with the coupled moderator results at the ex-
pense of nearly ten times larger pulse width for the decoupled moderator. The longer pulse widths at the coupled
moderator, in addition to affecting the resolution parallel to the g-vector, will increase the background by about 8
times, thus affecting the signal to noise ratio of the diffraction peaks.

25E+12 -
2 0E+12 - Hydrogen Moderators
E =12.6 meV, WI = 2.55 Angstroms
1.5E+12 -
— coupled H2
— decoupled H2
1.0E+12 —"'
|
5.0E+11 | |
\
0.0E400 +——— , ———
0 200 400 600 800 1000

Emission time, us
Figure 4. Emission time for neutrons with A = 2.55 A for the coupled and decoupled liquid hydrogen moderator at the HPTS at SNS.
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Table 2
Comparison of coupled and decoupled H, moderators for the pulse
corresponding to [ = 2.55 A

Parameter Coupled H, Decoupled H, Ratio
Total intensity (n/ster/pulse/eV) 3.06x 10" 3.84x 10" 8.0
Gaussian FW = 2.13 FWHM (msec) 193 52 3.7
Simulated FW at 90% of total inten- 430 45 9.6
sity (msec)
FW at 10% of max (msec) 335 58 5.8

Table 3 provides the maximum allowable pulse full widths derived from equation (7) for different wavelengths and
corresponding Bragg angles to resolve peaks for a cubic system with @ = 150 A, dpin = 1.5 A, and L = 24.5 m. Also
shown are the full widths corresponding to 90% of the total intensity, or 10% of the maximum, whichever is longer,
for the pulse from each moderator.

Table 3
Calculated maximum allowed pulse full widths [Eq. (7)] and the pulse full widths of the moderators for a 24.5 m
instrument.
2q A Equation (7) | Coupled | Decoupled | FW | Intensity
(deg) | (A) | FW (usec) | FW (usec) | FW (usec) | Ratio | Ratio

1.9 1.1
30 | 0.776 49 33 17

11.1 2.2
60 | 1.500 94 300 27

9.1 5.8
90 | 2.121 132 400 44

7.4 8.0
120 | 2.598 162 430 58

6.7 8.3
150 | 2.898 181 445 66

The data in Table 3 leads to the following conclusions:

¢ The pulse width of the decoupled moderator is more than adequate at all scattering angles and wavelengths.
Perhaps a partially coupled moderator or one with a greater poison depth could be useful, but such a mod-
erator is not available at the SNS.

*  The effective FWHM values for the coupled moderator are higher than the values in Equation (7) and
hence a 24.5 m long instrument cannot take advantage of the higher flux with coupled moderator. One way
to use the higher flux from the coupled moderator for NMC is by increasing the length of the flight path to
75 m [see Equation (7)].

Although such a long flight path instrument can be useful for NMC applications, there are several disadvantages.
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Resolution is still borderline as can be seen in Figure 5, where we have shown the peak shapes for a top hat
function corresponding to a diin = 1.5 A for a cubic unit cell of 150 A. The peaks are well separated for a
24 m long instrument with a decoupled liquid hydrogen moderator, while there is a large peak overlap for a
similar length instrument viewing a coupled moderator. Although the peak overlap has improved for a 75 m
long instrument, it is still inferior to the decoupled moderator case.

The gain factor will reduce to a factor of 2.67 as the usable wavelength bandwidth (DI1) will reduce by a
factor of 3 due to frame-overlap condition,

DI =3955/fL (8)

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

Total guide efficiency for longer wavelengths at 75 m will be about 60% (based on MC simulations) and
much less for shorter wavelengths. The gain factor will further reduce to 1.6 or less.

There is a large additional cost associated with the construction of a 75 m long instrument.

—#— Coupled moderator, instrument length 24m
ann A —#— Coupled moderator, instrument length 75m

—#— [ecoupled moderatar, instrument length 24m
BO0 -
El
=
ey
£ 400 .
ii]
=
=
2
Fi
= 200 .
0 X 4 <
4.110 414 4210 426
q (A7)

Figure 5. Peak shapes for a top hat function corresponding to a dpin = 1.5 A for a cubic unit cell of 150 A. MC simulation results for 3 different
instrument configurations of MaNDi.

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

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

Curved guides in the middle section of the beam line make it possible to gently steer the neutron beam
such that the sample is completely out of line-of-sight of the source.

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

Monte Carlo (MC) simulations using the IDEAS package were used to optimize the length, location, curvature, and
type of supermirror coating of the neutron guide system, and the distance from the guide exit to the sample.
MaNDi's guide system starts at a distance of 6 m from the moderator, and consists of a 12-m-long curved guide fol-
lowed by a straight guide (Figure 6) whose length can be selected based on the resolution requirement. The sample
position is at 24 m and the distance between sample and detector will be in the order of 0.5 m. However, the sample-
to-detector distance will be defined at a later stage giving due consideration to the spatial resolution of the detector,
cost, DQ resolution, etc.

Bandwidth Sample position
Choppers at 24m

i, l
Ad A

Curved Guide Straight
12 m Guide
5.5 th
Core
Vessel

Figure 6. Schematic layout of the neutron guide system and choppers

Figure 7 shows the ratio of the intensity values at sample position with and without guides as a function of wave-
length. It follows that substantial gain in flux can be achieved by using a guide system (supermirror coating m=3)
when compared to the natural collimation. The gain in intensity is related to the increase in the angular divergence
of the beam (e.g. for neutrons with A =2 A the FWHM beam divergence is = 0.3°). However, the increase in diver-
gence can be exploited to match the resolution requirements of a given experiment by using a variety of collimators
at the sample position.
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Figure 7. Gain in intensity when using a neutron guide relative to no guide

74



Design and Expected Performance of a High Resolution Macromolecular Neutron Diffraction

3.7 Beam Defining Optics

The beam divergence can be readily tuned by addition/removal of 0.5m long guide sections between the guide exit
and the sample. In addition, beam defining optics such as Soller collimators, polycapillary focusing optics™, tapered
guides and pinhole collimators, will be designed for insertion between the guide exit and the sample to further opti-
mize the beam divergence to experimental requirements.

3.8 Detectors

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

4. PERFORMANCE

The performance of MaNDi has been calculated based on counting times necessary to obtain a complete data set for
protein crystals with different unit cell sizes, by taking into consideration of the data precision, Debye-Waller factor,
flux and incoherent background.

We calculated counting times based on an equation proposed by Jauch?’. Below is a plot of data collection times for
MaNDi. Validation of this approach was achieved by using the published beam time data used for a few protein
crystals of known volume from PCS, BIX3 and LADI.

For crystals of deuterated proteins with a volume of 0.125 mm’ complete data set for a dp;, =2 A can be obtained
from MaNDi in a few days (Figure 8). Our calculations indicate that similar amount of beam time will be required
to obtain data of similar precision for | mm’ normal protein crystals.

The counting times for a dy,;, = 1.5 A for the above systems will be an order of magnitude higher than that for d,;;, =
2.0 A. For instance, counting times for crystals with a 60 A unit cell will require about 7 days, while those with a
100 A unit cell will require about 30 days to obtain data of similar precision. Current instruments for NMC will re-
quire 10 to 50 times larger than the above times. Thus the performance of MaNDi will open up new avenues thus far
not available for NMC.

B E— d,in=2 Angstrom: 0.125 mm 3 B
' |O MaNDi: Divergence = 5 mRad at sample

104 |X MaNDi: Divergence =10 mRAD at sample /A@__

. | | | | i C

6 = -

o O i

> 4 -

8 3 ; L

2 JEE

O 24 - L
@
o

€ 17 —

> C

Z ] C

5 C

4 - -

34 L

2 L

I | | [ [
60 80 100 120 140

Unit Cell Size (Angstrom)

Figure 8. Data collection times for MaNDi for 0.125 mm”® 95% deuterated protein crystals with different unit cell dimensions.
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