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INTRODUCTION

Neutrons provide a unique probe for localizing hydrogen atoms and for distin-

guishing hydrogen from deuterons. Hydrogen atoms largely determine the three-

dimensional structure of proteins and are responsible for many catalytic reac-

tions. The study of hydrogen bonding and hydrogen exchange will therefore give

insight into reaction mechanisms and conformational fluctuations• In addition,

neutrons provide the ability to distinguish N from C and 0 and to allow correct

orientation of groups such as histidine and glutamine (6). To take advantage of

these unique features of neutron crystallography, one needs accurate Fourier maps

depicting atomic structure to a high precision.

In judging the quality of the currently used Fourier maps, an analysis of the

observed scattering length of the unexchangeable hydrogen bound to the peptide alpha

carbons provides a good indication of the minimal error to be expected. The histo-

gram depicting the observed variation in the scattering length of H in a myoglobin

derivative (4) (Figure 1) gives a distribution with a width > 1.2 Fermi units

(FWHM). This minimal observed error obviously affects the precision of observable

hydrogen exchange with the exchange fraction X =•= (P*3.7)/10.3, the scattering length

of a proton being -3.7 F and that of a deuteron +6.6 F. The observed relative scat-

tering length (P) of atoms is obviously subject to experimental conditions, errors

in phasing (e.g., incomplete refinement), and structural and molecular disorder, as

well as the statistical precision of measured structure factors. In this paper,

techniques are described for minimizing error in the observed structure factors by

optimizing data collection and analysis procedures. Special attention is given
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to subtraction of the high background associated with hydrogen-containing molecules,

which produces a disproportionately large statistical error.
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Fig. 1. Histogram of observed scattering length of the hydrogen atom bound to C.. of

peptides. These hydrogen atoms are not exchangeable and have a scattering length of

-3*78 Fermi units. Data after Raghavan and Schoenborn (4).

Experimental Procedures

The spectrometer used for protein crystallography (Figure 2) is equipped with an
2

area detector (1) with a 300-cm area, high counting efficiency, and a resolution of

-3 mm (FWHM). The crystal is mounted so that reciprocal lattice planes with the

highest reflection density lie in the equatorial plane, which is also the direction

^having the highest counter resolutions (2). The crystal is then rotated in discrete

"j£pteps (~0.05°) through ID, which is the axis perpendicular to the beam. The (u-29)

^coordinates of reflections (hkl) are calculated from the crystal orientation matrix

Ifor reflections that fall on the detector. The unit cell dimensions and the detec-

tor characteristics determine the spatial resolution and fix the crystal-to-detector



Fig. 2. Schematic drawing of the protein crystallography station at the ML-high flux beam rector (HFBR).



distance, which for a medium-size protein is typically 60 to 100 cm. With a detec-

tion area of 17 x 17 cm, an acceptance angle of -18° is possible, permitting obser-

vations of many simultaneous reflections. For the duration of every u> step (~60

sec), the whole counter is mapped into a direct addressable external memory. At the

end of every step and for every active reflection, a counter region Ay (height) and

A20 is extracted and is stored separately as a function of j. A reflection is

represented, therefore, as a three-dimensional data array centered on 26,^,,

hkl*

The intensity of structure factors is then obtained by adding all elements

contributing to the reflections and subtracting background. The best peak-to-

background ratio is achieved by delineating the reflection as a three-dimensional

ellipsoid. In practice, however, this is very time consuming for on-line integra-

tion. The reflection is, therefore, summed over Ay to produce a two-dimensional

profile in w-29 (Figure 3). Inspection of such reflection profiles from proteins

and other crystals showed that the shape of neutron reflections is different and

more varied than shapes observed in the x-ray case. Reflections are approximately

ellipsoidal with a shape and size that depend on the order of the reflection (reci-

procal lattice spacing, i.e., 2 sin 6/X), the beam divergence e, the monochromator

lattice spacing and resultant wavelength spread AX, the crystal size, crystal mosaic

ji, and counter resolution, as described by Schoenborn (5). Usually a reflection is

integrated by adding all elements within a rectangular area that contains the peak

and subtracting.background scaled to the equivalent area. This, however, results in

a relatively large counting statistical error, since the variance of the peak inten-

sity is the sum of the total intensity (peak and background) within the integration

area and the variance of the background scaled to the peak area. With n elements

under the peak and m elements in the background, the scale is given by n /m • The

variance is reduced if the variance of the scaled background is minimized with

m > n, and the chosen peak area is no larger than the actual diffracted beam. To

delineate the shape of the reflections for accurate peak integration, the spot shape

is described by minor and major ellipsoidal axes with an orientation angle 6, which

is the angle between the major axis and the horizontal counter coordinate axis

(A26). Values for these can be calulated from the known experimental parameters or

can be determined from the second moments of the intensity distribution with or

without noise filtering techniques (7,8). Because of the high background, spot

shapes determined from second moments are, however, useful only for strong reflec-

tions and are difficult to use for the higher-order reflections since in that region

of the reciprocal lattice there are few strong reflections. A simple numerical

approach (5) to determine the shapes of reflections from the basic diffraction con-

ditions is briefly summarized below.



PROFILE 24 IH K L) • -11 0 -9

27 35 27 19 26 24 35 19 31 44 35 34 30 24 22 33
20 33 25 31 24 34 29 25 39 49 57 35 33 27 22 29

29 26 25 12 26 27 43 45 54 55 55 35 55 33 > 31 25
32 31 24 25 30 35 37 67 92 72 69 46 65 38 | 28 26

36 25 27 29 31 46 57 83 114 118 93 73 49 30 | 30 13
28 29 29 32 31 71 103 127 118 121 90 77 47 49 30 36

35 26 38 48 80 131 145 157 13! 114 73 45 40 24 17
33 31 42 75 112 153 173 144 138 95 66 3G 40 44, 32

32 40 43 76 117 159 136 131 128 76 56 45 36 34 41
29 53 89 114 145 131 119 102 64 30 36 38 26 I 33

19 30 36 51 86 61 i 20 97 92 74 43 47 25 23 25 | 14
2(i 25 40 47 68 67 78 83 71 51 31 31 31 22 32 25

29 36 27 36 61 60 74 58 49 46 32 37 28 23 25 24
31 31 23 30 44 44 38 52 31 30 17 26 29 25 17 2£

35 26 25 32 32 43 33 31 31 38 28 33 21 22 33 191

X (20)
Fig. 3. Three- dimensional reflection data array integrated over the vertical axis with the 26 coordinates

being the diffraction angle coincident with the horizontal counter axis; u> « crystal rotation axis,

perpendicular to the beam and parallel to the vertical axis- Unit step in co and 29 » 0.07 .



The Shape of a Reflection

The shape of reflections presented in the UJ-29 coordinate system is dependent on

1) the beam divergence, 2) the crystal mosaic, 3) the crystal size, 4) the detector

resolution, and 5) the wavelength spread.

1) A finite beam diffracted from a monochromator with a certain mosaic will have a

component with a given wavelength X and a beam divergence e. This beam diver-

gence is mapped onto the diffracted beam resulting in an intensity distribution

oriented at a 45° angle in the w-28 reflection profile.

2) A protein crystal is a mosaic crystal with crystallites disordered by an angle p

that produces diffraction during the rotational interval AOJ =• u at the given

Bragg angle. This produces intensity along the OJ axis with a given intensity

distribution* The effect of this mosaic contribution occurs for every beam

direction, e.g., the intensity functions of the beam divergence and the mosaic

are convoluted as shown in Figure 4a. '•

3) The finite width of the crystal results in the superposition of the above

described diffraction profile at every point of the crystal, thus producing a

smeared peak. In the to-29 space, this is a convolution of the crystal shape

with the diffraction profile described in 2), smearing the reflection in the A29

direction (Fig. 4b).

4) Position-sensitive detectors with their limited resolution produce further

reflection smearing. Most of the currently existing position-sensitive

detectors have resolutions of 3 to 10 mm, and only recently, with the develop-

ment of the centroid finding readout system by Radeka and Fischer (3), has it

become possible to produce detectors with resolutions < 2 mm. The effect of

this detector peak broadening is similar to the crystal size effect which

broadens the peak in the A29 direction. The subsequent convolution of these

smearing functions is depicted in Figure 4.

5) The effect of AX on the peak shape (Figure 4d) is more complicated and is best

described with the aid of the Ewald sphere construction (see Figure 5). This AX

is a result of the mosaic nature of the monochromator and the beam divergence.

AX is calculated from the differentiated Bragg equation ith AX » XA9 cot(6.-)

where A9 is the effective beam divergence and 9M is the Bragg angle of the

monochromator. In this case, the two limiting Ewald spheres have radii r^ -

1/(X - AX) and r3 - 1/(X + AX). The equatorial circles will intersect at two

points, the origin of the reciprocal lattice at (0) and the point (M), the so-

called focusing position at the end of the reciprocal lattice vector vffl of the

isno chroma tor spacing. Note that the wavelength is correlated with the diffrac-

tion angle 9, larger wavelength corresponding to larger 29 angles. The beam



size and divergence results in smearing of every A component about its mean

distribution. In this construction, the required diffraction conditions are

satisfied for all points in the shaded area. A crystal vector v rotating per-

pendicular to the rotation axis w located at point 0 will produce diffraction

from point P3 to PI during the rotation Aw , and the resulting rays will diverge

at an angle A29. The polychromaticity of the beam results, therefore, in the

spreading of the intensity of an ideal reflection along a line of length I

inclined at an angle a. The magnitude of the length Jt and the angle a varies as

a function of reciprocal lattice length v. Since this intensity distribution

reflects only the effect of AX, the effects due to a) beam divergence, b) crys-

tal mosaic, c) crystal size, and d) counter resolution have to be applied to

every point over the reflection length I.

BEAM DIVERGENCE =0.1°, CRYSTAL MOSAIC=O.i°, CRYSTAL SIZE =2mm
AX=0.0l , rlu=0.3A"'

DIVERGENCE + MOSAIC
20

-1.5° +1.5" -1.5*
-+I.5"-4

ADD CRYSTAL SIZE
20

0" +1.5°
-+I.5*

ADD DETECTOR RESOLUTION
1.5* 0" 20 +l.5# -l.5-

+1.5*

-1.5*
ADD A X

0' 20 +1.5°
-+1.5°

-0° -

+1.5' +1.5*

Fig. 4. Calculated reflection shape as a function of diffraction angle 26 and crys-

tal rotation ui showing (a) the effect of beam divergence and crystal mosaicity, (b)

the added effect of the crystal size (2 mm), (c) the added effect of the detector

resolution (3 mm ) , and (d) the added effect of the wavelength band width AX.
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Fig. 5. Ewald sphere construction showing the width of a reflection due to AX, the

wavelength band-width. The limiting spheres for the smallest (X^ ) and the largest

(X x ) wavelengths are drawn. Diffraction occurs at any point in the shaded

regions. The large shaded region at the top is due to diffraction in the "anti-

parallel" mode. The shaded region on the bottom represents diffraction in the par-

allel or focusing mode. The vector length v M is given by the lattice spacing of

the monochromator selecting the radiation. On rotation u>, the reciprocal lattice

vector v (of the sample) will be in reflecting position from P. to P. over the

rotational width Aw and will produce diffraction over an angle A2Q. Au> and A29

vary as a function of reciprocal lattice length v and layer line height T ( T is

perpendicular to the plane of the drawing). The diffraction process is mapped on

the right side as a representative function of u and 20. o is the angle formed

between the diffraction line and the horizontal axis (26). The reflection length &

is the length of the distribution at half height measured in degrees.

Note that the beam divergence e affects the reflection smearing twice: 1) it has

an effect for a given wavelength X, as discussed above, and 2) it has an effect on

the magnitude of the wavelength bandwidth AX. The reflection length I is dependent

on the effective AX, which in turn is dependent on §„, the Bragg angle of the mono-

chromator. To increase flux, a larger AX is desirable, but this produces larger re-

flections, which incorporate more background and hence have a larger counting

statistic. The selection of a suitable monochromator with a suitably large angle



© is a compromise between optimum flux, resolutit-a, and counting statistics. Since

the selection of a suitable monochromator depends on the resolution limit of the

desired data, the lattice vector vM of the monochromator should not be much less

than 2/3 of the largest vector for which data are to be collected. This, in effect,

assures that the veak high-angle data do not have the largest reflection length £,

with the obvious assumption that data are collected only on the focusing side. The

choice of X is a compromise solution between flux, resolution, and data density; a

wavelength of 1.55 £ is a good compromise. The X/2 component is removed by a suit-

able filter (graphite for \ » 1.55 fi). In order to reduce the background produced

by the crystal, a large detector-to-sample distance is desirable since at least the

incoherent part of the background is a function of the solid angle* The choice of

this distance is again a compromise that depends on the detector characteristics,

desirable data density, and required peak-to-background ratio.

Data Processing

For a given crystal and experimental setup, the basic diffraction conditions are

determined and used to precalculate the reflection shape parameters consisting of

major and minor axis length, reflection orientation angle a as a function of layer

line spacing, and reciprocal lattice vector length.

During data processing the center of mass is determined for strong reflections to

monitor the crystal alignment and the counter electronics. Note that a well ad-

justed counter is, however, linear and stable over many months with a positional

accuracy better than 0.5%. By calculating second moments, the orientation of strong

reflections is also monitored to check on the precision of the precalculated orien-

tation parameters. The orientation parameters are then used to calculate the shape

for all reflections to delineate the peak area. Areas outside a delinated reflec-

tion are used as background. The background information is accumulated for given

regions of reciprocal lattice volume to improve the counting statistics (i.e.,

increase the number m of background points). Background is, therefore, averaged for

a number of reflections (~100). Reflections with backgrounds showing deviations

from their group average are marked. For a given region of reciprocal space, the

background points are used to form a histogram to which a Gaussian distribution is

fitted to calculate the mean background and the width (cr » width/2.345) of that

distribution. Background points with a deviation > 3a are eliminated. The average

background covering ~100 reflections is monitored (Fig. 6). Reflections with sta-

tistically different background averages are rejected. This procedure eliminates

counter—edge effects and shadows due to the beam stop.



The integration of reflections as described above minimizes the area of peak

integration, and, compared with the usual channel summation technique, reduced the

statistical error (a) by 1/2 for a myoglobin data set (5). Use of the described

background table further reduces the a of reflections by 1/3. Tests with a new
i

higher resolution detector (1.5 mm FWHM) reduced the spot shape area by a factor of

3, further reducing the statistical error. Careful selection of the diffraction

gaoaetry and detector, coupled to the above described integration procedures, will

allow the collection of statistically accurate data for many proteins with use of a

crystal a few mnr in size to determine accurate H/D exchange ratios.
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Fig. 6 Contour map of the background for the section with 2. = -7±1, The lowest

contour starts at a background of 7000 for 100 points; the contour interval is 140

counts. The horizontal axis gives h the Miller index, and the vertical the k index.
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