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Abstract 

An oscillation data collectiofi system for protein 
crystallography is described. The system consists of a 
modified Enraf-Nonius precession camera with cylin- 
drical cassette, and stepping motor driven by a flexible 
microprocessor control system. The X-ray source is 
graphite-monochromatized radiation from an Elliott 
GX-21 rotating-anode generator run at 5.5 kW on a 
focal spot measuring 0.5 × 5.0 mm. The potential 
advantages of using a relatively large focal spot in 
conjunction with a graphite monochromator are 
discussed. Conditions for optimum collimation and 
X-ray intensity are considered, and it is shown that 
appropriately designed collimators with adjustable 
apertures can have substantial advantages over 
commercially available pinhole collimators. The oscil- 
lation films are processed by a procedure based on that 
of Rossmann [J. Appl. Cryst. (1979), 12, 225-238]. 
Determination of the initial alignment of the film is 
facilitated by a pair of reference pins incorporated in 
the cylindrical cassette. These pins ensure that the 
position of the film in the cassette is known, and avoid 
the need for fiducial marks. The crystal alignment and 
film measurement technique is fully automatic, requir- 
ing no prior input other than the approximate starting 
orientation of the crystal, the approximate unit-cell 
dimensions, and the angular oscillation range. An 
alternative method for the determination of crystal 
orientation is proposed which has been found to be 
somewhat superior to that of Rossmann, especially for 
smaller unit cells. 

* Present address: Max-Planck-Institut ffir Biochemie, D-8033 
Martinsried bei M/inchen, Federal Republic of Germany. 

t To whom correspondence should be addressed. 

1. Introduction 

The use of screenless X-ray photography for the rapid, 
efficient measurement of diffraction data from protein 
crystals is well established, and an increasing number 
of laboratories have developed, and are using, such 
techniques (e.g. Xuong & Freer, 1971; Arndt, 
Champness, Phizackerley & Wonacott, 1973; 
Schwager, Bartels & Jones, 1975; Rossmann, 1979; 
Wilson & Yeates, 1979; and the collection of papers in 
Arndt & Wonacott, 1977). 

In this paper we wish to describe an oscillation data 
collection system we have developed which includes a 
number of features we have found to be of value, and 
may be of interest to other laboratories. 

These features include graphite monochromat- 
ization to reduce background and enhance crystal life, 
the use of a broad-focal-spot X-ray generator to reduce 
exposure times by a factor of four, improved colli- 
mation geometry, and cylindrical cassettes for high- 
resolution data collection. The film scanning program, 
adapted from that of Rossmann (1979), permits the 
accurate determination of crystal alignment from the 
oscillation photograph itself, with no prior input other 
than the approximate orientation of the crystal. We 
have adopted an alternative strategy for refinement of 
the crystal orientation which we have found to work 
better than the 'convolution' procedure developed by 
Rossmann for virus crystal photography. 

The basic hardware consists of two Enraf-Nonius 
precession cameras, modified for oscillation 
photography, each controlled by a microprocessor. The 
cameras are mounted on an Elliott GX-21 rotating- 
anode generator with Charles Supper graphite mono- 
chromators. Films are scanned by an Optronics P3000 
rotating-drum scanner interfaced to a Varian V76 
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computer. The V76 computer is used simply to write 
optical densities on magnetic tape. Typically, nine 7 x 
5 in (171.5 x 122.5 mm) films, scanned with a 100 
lam raster, can be accommodated on one 2400 ft, 
800 bpi tape. Data processing and data reduction are 
performed on a VAX 11/780 computer. 

2. The oscillation camera 

The oscillation-rotation cameras consist of modified 
Enraf-Nonius precession cameras with a stepping 
motor driven by a microprocessor controller, patterned 
after those used in Dr Robert Huber's laboratory 
(Huber, personal communication; Arndt & Wonacott, 
1977, p. 30). 

The possibility of precession and oscillation geom- 
etry on the same camera permits the use of 
precession as well as still photographs during the initial 
alignment of the crystal. Also, with some space groups 
we have found it useful to take a precession photograph 
of one zone (e.g. the centrosymmetric zone) of the same 
crystal which has been used for oscillation 
photography. On the other hand, the use of a modified 
precession camera does not have the convenience of a 
carousel with a number of pre-loaded cassettes as used 
in the commercially available oscillation camera sys - 
tems. Cylindrical cassettes with a radius of 80 mm 
permit data collection to Bragg spacings of 1.6 A on 
175 x 125 mm sheets of film. A cylindrical cassette has 
obvious advantages over a flat cassette for high- 
resolution data collection, and has simpler geometry 
than that of V-shaped cassettes (Arndt & Wonacott, 
1977, p. 27). The spot shape is more constant and the 
obliquity corrections are simpler for a cylindrical 
cassette than for a V-shaped one. 

In commercially available cassettes, fiducial marks 
are made on the film either by allowing light to enter 
narrow holes, which often produces an ill-defined 
reference mark, or by using an ancillary X-ray source 
to direct X-rays through the fiducial holes onto the film. 
The latter method is not only inconvenient, but does 
not always work successfully. It is a common and very 
frustrating experience to find that the fiducial marks on 
the film are sufficiently out of register with the actual 
diffraction pattern that one cannot locate reflections at 
their expected positions on the film (e.g. Arndt & 
Wonacott, 1967, pp. 25-26; Wilson & Yeates, 1979; 
Rossmann, 1979). A method of avoiding these difficul- 
ties, which we have found to work well, is to 
incorporate a pair of metal pins in the film cassette itself 
in'exactly the same relative positions that they occupy 
on the film scanner. The scanner mounting holes are 
punched in the films before they are loaded in the 
cassette. Then, when the film is subsequently mounted 
on the film scanner, it is automatically aligned in 
precisely the same way that it was in the cassette during 

X-ray photography. Since the film scanner starts at an 
arbitrary position when it scans across the film, it is 
necessary to have a reference mark on the film to define 
the origin in the horizontal direction. The spot made by 
the direct beam is very convenient for this purpose. In 
principle, one can dispense with the direct-beam mark if 
the background on the film is dark enough for the film 
scanner to detect the shadow on the left and right sides 
of the film made by the edge of the cassette. Either of 
these steps in optical density can also serve to define the 
horizontal origin. 

There is another advantage in knowing the precise 
orientation of the film in the cassette. To a close 
approximation, a rotation of  the film in the cassette is 
equivalent to a rotation of the crystal about the X-ray 
beam. Therefore a rotation of the film could be 
incorrectly attributed to an apparent rotation of the 
crystal, which in turn will lead to errors in the 
Lorentz-polarization correction and in other geo- 
metrical factors. 

The stepping motor for the oscillation or rotation 
motion is driven by a microprocessor controller which 
we have found to be both flexible and very reliable. 
Advantages of current microprocessor technology have 
been described by Reeke (1977). The controller has a 
repertoire of commands whereby the user can drive the 
crystal to a specified angle, and specify the oscillation 
range, speed of rotation, number of cycles, and so on. 
Should the X-ray generator turn off during an 
exposure, the microprocessor enters a 'wait' mode, 
giving the user the option of resuming the exposure 
when the generator is returned to power. 

3. Collimation 

Conditions for optimum collimation have been dis- 
cussed at length by Huxley (1953) and by Arndt & 
Sweet (1977). In their discussion it is assumed that the 
protein crystal is smaller than the exit pinhole of the 
collimator, but in practice many laboratories have 
found it advantageous to use crystals much larger than 
the collimator diameter, both to maximize the intensity 
of reflections on the film and also to permit multiple 
exposures of different parts of a single crystal. As 
shown below, some commercially available collimators 
are not well suited to this geometry, and there are 
advantages in using appropriately designed adjustable 
collimators. 

A schematic diagram of the collimation system with 
a graphite monochromator is shown in Fig. 1. The 
horizontal and vertical dimensions of the X-ray focal 
spot are denoted fx and fy. With a monochromator 
present, it is, in general, necessary to place an aperture 
as close to the exit of the monochromator as possible in 
order to reduce the divergence of the monochromated 
beam (see the following section). In practice, this 
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aperture can be a simple pinhole made by piercing a 
lead sheet with a needle, and mounted on an X - Y  
translation stage to facilitate alignment. For generality, 
we denote the horizontal and vertical dimensions of the 
aperture as f "  and f~.  The source aperture of the 
collimator is usually large (about 1 mm) and plays no 
part in the collimation. 

As discussed by Arndt & Sweet (1977), when the 
protein crystal is smaller than the specimen aperture 
(a x < a'x), simple geometry shows that the width of the 
spot on the film is 

d 
W x = a x  + (a x + f ' ) - .  (1) 

S 

If, however, the crystal is larger than the specimen 
aperture (a x > a'x) , then the spot width will be 

d'  
Wx= a" + (a" + f ' )  s' (2) 

For Enraf-Nonius collimators, for example, the 
specimen aperture is about 30 mm from the crystal, 
which results in a considerable increase in spot size. 
Substituting some typical numbers (s = 120 mm, d = 
80 mm, f "  = 0.45 mm) a large crystal with collimator 
apertffre a" = 0.4 mm will produce a spot of width 1.44 
mm, whereas a crystal measuring 0.4 mm a side will 
produce a spot on the film measuring 0.97 mm. The 
larger spot size is undesirable, not only because the 
diffracted X-rays are spread over a larger area, but also 
because spot overlap limits resolution. 

The obvious solution is to have the specimen 
aperture as close to the crystal as possible. In addition, 
it is desirable to be able to adjust the vertical and 
horizontal dimensions of the specimen aperture in- 
dependently. If, for example, one had a crystal with a 
long reciprocal axis in one direction, but not the other, 

Source Specimen 
Aperture Aperture Guard 

I Aperture 
Monochr. / Pseudo I / [ 
Aperture -, 1 Focus 1 / ' /  a x ~ /  

" j~l/"~1 ! [ d ~ ~ w ~  

,~ / m. I. s' ,I. d' ~l 

w :  (a) 

fY'~l _ _ 1  /,,~ f~ .t 
, I Jrt 1 

Source Monochromator 

_ ha; 1 i ~  

Collimator Crystal Film 
(b) 

Fig. 1. Schematic illustration of collimation geometry when a 
monochromator is present and when the dimensions of the 
crystal exceed those of the specimen aperture of the collimator. 
The monochromator is mounted in the vertical plane. (a) Plan. 
(b) Elevation. 

then one might wish to use a narrow aperture in this 
direction in order to resolve the spots, but retain a 
wider aperture in the other direction in order to increase 
the total scattered intensity, and the resultant accuracy 
of intensity measurement. 

Both these  objectives can be met by using col- 
limators simila/" to those proposed by Love, Hendrick- 
son, Herriott, Lattmann & McCorkle (1965). As 
shown in Fig. 2, the adjustable apertures are obtained 
with polished fiat-faced set screws. The length of the 
collimator is such that it ends as close to the crystal as 
possible (about 1 mm). Also the adjustable apertures 
are set as far forward in the collimator as possible. We 
have found that the guard apertures are not strictly 
necessary, presumably because the defining apertures 
are quite fiat, and act as their own guards. This means 
that one only needs to use one vertical aperture and one 
horizontal aperture. Obviously, the two sets of adjust- 
able screws closest to the protein crystal are the ones 
used, bringing the defining aperture even closer to the 
crystal. In practice, the adjustable collimators are 
easier to. make than the standard ones, since the 
difficult step of drilling the pinhole is avoided. The 
alignment of the adjustable apertures is best accom- 
plished by mounting the collimator with a light behind, 
and viewing it from the front with a low-power 
microscope. The collimator mount and microscope of a 
Weissenberg camera are ideal for the purpose. Center- 
ing of the aperture is checked by rotation. Since the 
collimators are easy to make it is convenient to have a 
selection available with commonly used aperture sizes. 

It remains to select the actual aperture size, effective 
focal-spot size, and the distance s' in Fig. 1. Much of 
the treatment of pinhole collimation given by Arndt & 
Sweet (1977) is germane, and can be consulted. In 
practice, the optimum collimator aperture size is 
0 .3-0 .5  mm, smaller values being used only when 
mitigated by cell edges longer than 150 A, or so. It has 
to be remembered that if the monochromator crystal is 
vertical, then the vertical divergence of the X-ray beam 
is from the focal spot and not from the mono- 
chromator. (There is a small additional divergence a, 

A B 

Fig. 2. Adjustable X-ray collimator patterned after that described 
by Love et aL (1965). The components are as follows. A Brass 
cup. B Brass tube with optional taper. The taper is usually not 
necessary for oscillation photography. C Flat-faced, polished, 
(4-80) brass screws, to provide adjustable collimation. Usually 
the front pairs of screws can be used as both defining and guard 
apertures (see text). D lead shield. A full set of drawings for the 
collimator is available on request from the authors. 



704 OSCILLATION PHOTOGRAPHY FOR PROTEINS 

discussed in the following section, owing to the 
mosaicity of the graphite crystal.) Therefore, the 
vertical crossfire (Fig. lb) is 

(fy + a~) 
x y -  +a ,  (3) 

s' + m  

whereas the horizontal crossfire (Fig. la) is 
P 

f "  + a x 
x x - ~ (4) 

S r 

For a 0.5 mm focal spot, 0.4 mm collimator aperture, 
(s' + m) equal to its minimum practical value of about 
220 mm, and a = 0.06 ° (see next section), the vertical 
crossfire has the reasonably low value of 0.29 °, as is 
desirable to minimize the spindle rotation required to 
sweep through each Bragg reflection of the protein 
crystal. Decreasing the focal-spot size (e.g. to 0.2 mm) 
will decrease the vertical crossfire but not the horizon- 
tal. As discussed in the next section, use of a small focal 
spot may unnecessarily reduce useful beam intensity. 

Up to a point, the diameter of the pinhole ( f "  andf~) 
can be increased in order to maximize beam intensity, 
commensurate with resolving reflections on the film. 
Increasing f "  will increase intensity, but will also 
increase the horizontal dimension of the spots on the 
film (equation 2). In the vertical direction, f~ does not 
define the useful X-ray beam (Fig. l b). Ideally, f~ 
should be just large enough not to restrict the limiting 
cone of X-rays between the focal spot and the specimen 
aperture (Fig. l b). Decreasing f~ below this value will 
reduce beam intensity but will not reduce the crossfire, 
which is determined by fy and a~ (equation 3). In 
principle, f~ could be eliminated (i.e. f "  could be a 
vertical slit) but the aperture f~ does prevent un- 
necessary radiation exiting from the monochromator. 
In practice we have found it convenient to define f "  and 
f~ by a pinhole about 0.45 mm in diameter. 

Where possible, the crystal-to-monochromator dis- 
tance s (or s') should be kept to a minimum, in order to 
maximize intensity. Only when required by. the need to 
increase resolution (equation 2) should the camera be 
moved away from the monochromator exit pinhole. 

4. Monochromatic radiation 

The potential advantages of strictly monochromatic 
radiation for screenless X-ray photography are well 
known. The unwanted white-radiation background, as 
well as radiation streaks, are completely eliminated. 
Also, use of monochromatic radiation is expected to 
enhance useful crystal life, since the crystal is only 
exposed to radiation which potentially contributes to 
the measured diffraction pattern. Our experience with a 
number of protein crystals confirms this expectation. 

We have found that crystals can often be exposed ten 
times--io-nger in amonochromatic  beam than in a 
comparable nickel-filtered beam, before seeing equiva- 
lent radiation damage. [Also, for reasons not well 
understood, but reported informally by others, we find 
that radiation damage seems to be less for short, 
intense exposures than equivalent long, weak (or 
interrupted) exposures.] 

The reputed disadvantages of monochromated 
radiation for oscillation photography are a reduction in 
intensity, relative to a nickel-filtered source, and 
limitations on resolution owing to 'fuzziness' of the 
diffracted spots (e.g. Arndt & Sweet, 1977). We have 
found that by use of an appropriate X-ray source, and 
by optimizing the collimation geometry, these dis- 
advantages can be eliminated. In this section we discuss 
the use of the monochromator, per se, and how the 
need to collimate the monochromatic beam affects the 
choice of focal-spot size. 

As a preliminary comparison, we recorded a series of 
oscillation photographs with a conventional rotating- 
anode generator (2.0 x 0.2 mm focal spot, 1.6 kW) 
with three different beam geometries: (1) nickel-filtered 
radiation with pinhole collimation; (2) a double mirror 
system (Harrison, 1968); (3) graphite-mono- 
chromatized radiation as described below. The resul- 
tant films were not measured, so that the following two 
conclusions are subjective. (1) There is no advantage in 
using a mirror-mirror system unless one is forced to do 
so by a .cell dimension exceeding about 150 ]k. This is 
in accord with the findings of Harrison, reported by 
Arndt & Sweet (1977). (2) A graphite monochromator 
with appropriate collimation produces by far the 
'cleanest' pictures, but requires two to three times the 
exposure relative to the nickel-filtered beam. Resolution 
of cell edges up to 150A was not a problem. As 
discussed below, use of a larger focal-spot size can 
dramatically reduce the exposure time. 

The reflection of X-rays from a vertical mono- 
chromator crystal is illustrated in Fig. 3(a). It is 
expected that a monochromator crystal will produce a 
pseudo-image of the X-ray source equidistant from the 
monochromator (e.g. see Fig. 5.13 of Arndt & Sweet, 
1977) but, as Fig. 3(a) shows, such an image is not 
perfect. In addition, X-rays incident on the mono- 
chromator may penetrate 0.3 mm or so before being 
reflected, which will also blurr the focus. Photographs 
taken at increasing distances from the monochromator 
exit port do .not reveal a sharp image of the focal spot.- 
In addition, the reflected X-rays diverge continuously 
in the vertical plane as one moves away from the 
monochromator. This suggests that maximum intensity 
will be obtained by placing the monochromator crystal 
as close to the X-ray source as possible (as is common 
practice), and (other considerations aside) placing the 
camera as close as possible to the exit port of the 
monochromator housing. 
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When used in the manner described, the mono- 
chromator will produce an extended source of X-rays. 
If the monochromator crystal is mounted vertically, the 
width of this effective source will be about 0.6 mm or 
so, plus additional parasitic scattering, and the hori- 
zontal divergence of the reflected beam will originate 
from the monochromator rather than the focal spot 
(Fig. 3a). 

In the vertical direction, the beam diverges from the 
focal spot (Fig. lb). In addition, as pointed out to us by 
Dr H. Wyckoff, there is an additional divergence, a, 
owing to the mosaicity of the graphite crystal (Fig. 3b). 
Straightforward geometry shows that 

2o9d~ sin 0 
a - , ( 5 )  

d I + d2 

where dt is the focal-spot-to-monochromator distance, 
d2 the monochromator-to-specimen-aperture distance, 
o9 the mosaic spread and 0 the Bragg angle for the 
graphite monochromator. In general, a will be about 
0.06 o or less. 

Because the monochromator crystal provides such a 
broad source, it will give 'fuzzy' spots on the film unless 
either the distance from monochromator to protein 
crystal is increased, or additional collimation is 
introduced, or a combination of these is used, as 
discussed in the previous section. We now ask what can 
be done to maximize the reflected intensity from the 
monochromat0r itself. One obvious step, already 
mentioned, is to place the monochromator crystal as 
close as possible to the X-ray focal spot. The second 
important factor is focal-spot size. The objective is to 
have each point on the used area of the mono- 
chromator crystal reflect as many X-ray quanta as 
possible in directions which will reach the protein 
crystal. In the horizontal direction the two factors 
which need to be considered are the pseudo-focusing of 

s ° 7  

' m o n o c h r o m a t o r  
0 + m/2 O -  co/2 0 - m/2 0 + w/2  

(a) 
Speciman a/2 

Source Monochromato r  Aperture 
, , ~/2 1 ~ ~ ~ - ~ - -  

(b) 
Fig. 3. X-ray reflection from a vertical monochromator crystal. (a) 

Plan. The angle o9 is the mosaic spread of the monochromator. 
(b) Elevation. As explained in the text, a is the additional 
divergence caused by the mosaic spread of the monochromator. 
For simplicity, only the rays which define the maximum 
divergence are drawn. 

the monochromatic beam (Fig. 3a), and the limitations 
imposed by the mosaic spread of the monochromator 
crystal. As shown .in Fig. l(a), the pseudo-focus lies 
between the monochromator aperture and the speci- 
men aperture, and the size of the pseudo-focus can be 
usefully increased until it fills the limiting cone between 
the two apertures. Since the two apertures are usually 
of comparable size, the maximum useful width of the 
pseudo-focus, which in turn is approximately equal to 
the size of the focal spot itself, is equal to f "  (or a'),  i.e. 
about 0.45 mm in practice. The effect of the mosaic 
spread of the graphite monochromator is to limit the 
width of the focal spot which can be 'seen' by a given 
point on the monochromator. If a monochromator 
mosaic spread of 0-4 ° is assumed, the limiting 
focal-spot width for a rotating-anode generator with a 
typical focal-spot-to-monochromator distance of 80 
mm and a vanishingly small monochromator aperture 
is 0.56 mm. As the monochromator aperture f x  is 
increased in size, the focal spot could, in principle, be 
increased by the same amount, although there is clearly 
no gain in intensity when the pseudo-focus exceeds the 
limits described above (i.e. about 0.45 mm). In other 
words, it is usually the collimation of the X-ray beam 
rather than the mosaic spread of the monochromator 
which determines the maximum useful size of the focal 
spot. Where the X-ray generator design allows, it is 
clearly advantageous to increase the focal-spot size to 
equal this value, since a larger focal spot can provide a 
greater total flux than a small spot. 

In  the vertical direction (Figs. lb, 3b), the beam 
diverges primarily from the focal spot, and the 
monochromator cap be effectively ignored. Here, useful 
intensity is proportional to the height f r of the focal 
spot, and the upper limit on fy is determined by the 
desired vertical crossfire (equation 3). As discussed 
previously, a focal spot of 0.5 mm will result in a 
vertical crossfire of about 0.29 o or less, which is quite 
acceptable. 

These arguments suggest that, with typical col- 
limation geometry, the optimum focal-spot size for use 
with monochromatized radiation is about 0.5 x 0.5 
mm, as seen from the X-ray port..This contrasts with 
normal pinhole collimation, where diffracted intensity, 
defined as maximum film darkening, is claimed to 
depend strictly on source brightness rather than total 
flux (Arndt & Sweet, 1977). In practice we have found 
that an Elliott GX-21 generator running at 6 kW on a 
0.5 x 5 mm focal spot reduces exposure times by a 
factor of four relative to a generator running at 1.6 kW 
on a 0.2 x 2 mm focal spot. This factor of four more 
than offsets the factor of two to three increase in 
exposure which is normally considered to be necessary 
to obtain comparable intensities with mono- 
chromatized radiation relative to fl-filtered radiation 
(Arndt & Sweet, 1977). The above argument suggests 
that a monochromatized beam from a high-brilliance 
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sealed X-ray tube run at 1.5 kW with a focal spot of 
0.4 x 8 mm ought to have an intensity comparable 
with a rotating-anode source run at 1.6 kW, although 
the sealed tube will lose intensity because of its shallow 
take-off angle• 

An oscillation photograph for thermolysin, showing 
the resolution of spots along a horizontal c axis of 
131.4 A and the rectangular spot shape produced by 
an adustable collimator, is shown in Fig. 4. The crystal 
used for this photograph was a hexagonal prism 1.4 
mm in the horizontal direction, and 0.45 mm in 
diameter. 

5. Intensity measurement 

The system we have developed for intensity measure- 
ment is based on that of Rossmann (1979). One of the 
advantages of this approach is that the alignment of the. 
crystal is determined automatically from the same film 
that is used for intensity measurement• The method was 
developed initially for virus photography, where only a 
single exposure could be taken of each crystal (Schutt 
& Winkler, 1977; Rossmann, 1979), and contrasts with 
the altertiat~e approach in which additional still or 
other alignment photographs are used to determine the 
exact orientation of the crystal (Xuong & Freer, 1971; 
Arndt et al,, 1973; Nyborg & Wonacott, 1977; Wilson 
& Yeates, 1979)• Clearly, the reliance on additional 
photographs for determination of crystal alignment has 
several disadvantages (Schwager, Bartels & Jones, 
1975). One way of determining crystal alignment from 
an oscillation photograph is to identify manually a 
number of the partially recorded reflections and to base 
the alignment on these reflections (Schwager et al., 
1975; Jones, Bartels & Schwager, 1977). This method 
reduces the amount of computing, but requires manual 
intervention for each film. The Rossmann (1979) 
procedure is entirely automatic, although it does 
require additional computing. As described below, we 
have found it desirable to modify Rossmann's pro- 
cedure somewhat for use with protein (as opposed to 
virus) crystals. In the following discussion we discuss 
only those aspects of our procedure which differ from 
that described by Rossmann. 

The first step is to find the transformation between 
the scanner coordinate frame and the camera coordin- 
ate system, i.e. th'e Q matrix of Rossmann (1979). As 
described previously, this is greatly simplified by the 
use of alignment pins incorporated within the cassette. 
The accurate determination of the Q matrix uses whole 
reflections, and differs slightly from Rossmann in that 
the Q matrix is constrained to be orthogonal. In other 
words we preserve the 90 ° angle and the relative 
lengths of the vertical and horizontal axes of the 
scanner coordinate frame, rather than trying to use the 
Q matrix to allow for errors in the crystal-to-film 

distance and anisotropic shrinking of the film. We 
refine separately the crystal-to-film distance and a 
parameter correcting for any vertical misalignment 
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Fig. 4. (a) Oscillation photograph for thermolysin. The arrows 
indicate the resolution in fingstr6ms in the central region of  the 
film. Unit-cell dimensions a = b = 94.2, c = 131.4 A. Crystal 
0.45 x 0.45 x 1.4 mm. Collimator aperture 0.30 mm 
(horizontal), 0 .40 mm (vertical). Crystal-to-film distance 80 mm. 
Focal spot approximately 0.5 x 5.0 mm,  39 kV, 140 mA, 
exposure time 6 h. Oscillation range 1.0 °. Because of  the 
cylindrical cassette, the reflections lie on parallel vertical lines 
(layer lines). (b) Enlargement showing the central region of  the 
film from about 25 to 2.3 A resolution. 
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between the cassette cylinder axis and the spindle axis 
(this being the most difficult aligrlment adjustment to 
make on the cassettes). 

Our most significant difference from the procedure 
of Rossmann is in the refinement of the orientation 
matrix A relating the crystal alignment to the camera 
coordinate frame. The crystal orientation is defined by 
rotations about three axes, the vertical X axis, the 
horizontal Y (spindle) axis, and the horizontal Z (X-ray 
beam) axis. Rotations about the Z axis cause a bodily 
rotation of the X-ray pattern on the film, and are easily 
determined from the positions of the whole spots on the 
film. Rotations about Y, the spindle axis, cause 
additional reflections to appear at one end of the crystal 
oscillation range, and other reflections to be 'lost' at the 
other extreme of the oscillation range. This effect is 
most notic'eable along the equator (vertical axis) of the 
film. Rotations about the vertical axis X cause some 
reflections, most noticeably near the meridian (horizon- 
tal axis), to begin to be lost, but others will begin to 
appear. 

Rossmann's approach is to consider small rotational 
increments of the crystal about the X and Y axes, 
assuming that the correct oscillation range and mosaic 
spread of the crystal are known. For each increment, 
any new reflection which would come into the 
reflecting position is noted, and the measured intensity 
of all such reflections is summed. Similarly, any 
reflections 'lost' are also noted. If, for a. given 
increment, more intensity is gained than lost, then one 
continues to increment in that direction until the 
optimum orientation is reached, at which point the 
intensity gained minus intensity lost is a maximum (i.e. 
any rotation causes no significant intensity gain, but 
does cause a loss of intensity). Rossmann describes the 
method as a 'convolution' technique, meaning that one 
fits an expected 'window' of reflections to the intensity 
distribution which is actually observed on the film. 
Rossmann's procedure depends on the change in the 
intensity distribution at the leading edge and the trailing 
edge of the window (i.e. at the beginning and the ending 
of each lune of reflections on the film). As described 
below, we have found it desirable to base the 
orientatiori refinement on, essentially, the center of 
gravity of the intensit.y distribution within each lune. 
Our approach involves the following steps (see also the 
caption to Fig. 5).: 

1. All reflections which occur in 0.1 ° oscillation 
ranges about the spindle axis are computed. Since, for 
the purposes of this computation, we choose 0 ° 
mosaicity, a reflection will not appear in more than one 
range. 

2. The reflections in each range are measured, and 
the average intensity for that range is computed (Fig. 
5a). 

3. The center of gravity of intensity for the overall 
intensity distribution is taken as the new spindle setting 

angle (Pv, and 6~ov is defined as the difference between 
this value and the previously assumed value of ~0y. 

For the X-axis refinement, the orientation angle (Px is 
incremented in steps of 0.1 o, and, for each value of ~0 x, 
~0v is swept through its oscillation range and all 
reflections occurring within this range are summed and 
averaged (Fig. 5b). We have found it desirable to 
exclude reflections in the 90 ° sectors at the top and 
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Fig. 5. Crystal orientation profiles for a typical T4 phage lysozyme 
oscillation film. Cell dimensions a = b = 61.2, c = 96 .8A;  
oscillation range 2°; resolution for refinement 3.0 A. (a) In the 
Y-axis refinement the crystal orientation is incremented in steps 
of 0.1 o and the average reflection intensity for each increment is 
plotted. The theoretical limits of the oscillation range and the 
center of gravity of the intensity distribution are indicated. (b) 
For X-axis refinement, tp x is incremented in steps of 0.1% and, 
for each step, ~0 r is swept through the oscillation range of 2 °. The 
plotted intensity is the average for all reflections within the 2 ° 
range, and the optimum value of  tp x is shown. 
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bottom of the film in order to eliminate reflections near 
the equator which would appear in .several X-angle 
steps. (Conversely, in the Y-axis refinement we exclude 
reflections in the 90 ° sectors to the left and right of the 
film.) As with the Y-axis refinement, the optimum value 
of q~x is taken to be the center of gravity of the intensity 
distribution (Fig. 5b). Cycles of refinement about X and 
Y are alternated, and refinement usually achieves a 

• movement of less than 0.01 ° in 6 0  x a n d  rio r per cycle 
(our criterion for completion) in less than five cycles. 

There are several advantages to this method. Both 
Rossmann's procedure and our modification depend on 
all reflections having 'average" intensity. In practice, of 
course, this means a large enough sample of reflections 
must be used that the random variations in both the 
number of reflections and their intensities in different 
regions of reciprocal space are smoothed out. Our 
modification makes use of virtually all reflections (at 
least for Y refinement) in computing the weighted 
average of the intensity vs  orientation, whereas Ross- 
mann uses only those which are gained or lost on 
-rotations as small as 0.01 °. This may be satisfactory 
for a virus crystal, but, at least in our experience, gives 
less-consistent results for typical protein crystals, 
especially those with smaller unit cells. 

Another major advantage is that the proposed 
method does not assume a knowledge of the mosaic 
spread in  advance, whereas Rossmann's approach is 
rather sensitive to the choice of mosaicity. This can be 
seen from the representative profile shown in Fig. 5(a). 
If, for instance, too large a mosaicity is chosen, then the 
'search window' will be wider than the actual profile, 
and all reflections gained or lost on rotation of the 
crystal will be outside the oscillation range and in the 
noise region. On the other hand, too small a mosaic 
spread will place the 'search window' completely inside 
the actual profile, so that again the optimum position 
will not be well determined. 

A comparison of the refinement techniques for two 
different proteins is given in Tahle 1. The angles 6 0  x 

and fi0 r are the refined orientation angles relative to the 
approximate starting values. In the table, ~0  x and 60 r 
are calculated for a series of contiguous oscillations of 
the same crystal. If the crystal has not slipped during 
the series of exposures, the values of 6 0  x and ~0 r 
should be the same for each exposure, and the 
variations in t~Ox and 60r  give an estimate of the 
accuracy of the determination of the crystal orientation 
angles. For simplicity of comparison, the values of 60  x 

and 6~ r quoted in Table 1 are not the actual calculated 
values, but are the differences in 6 0  x and' 6 0  r from their 
mean value for the series of films. Two different 
situations are illustrated in Table 1. The first example is 
nine contiguous films of a platinum derivative of goose 
lysozyme (Griitter, Rine & Matthews, 1979), with 
space group P21 and cell dimensions a = 38.3, b = 
65.7, e = 45.2 A, fl = 116 °. The second example is 

Table 1. C o m p a r i s o n  o f  c r y s t a l  o r i e n t a t i o n  m e t h o d s  

The values of 6t9 x and 60 r give the refined values of the crystal 
orientation angles relative to assumed, approximate starting values 
of 0 x and Or, determined from a series of contiguous oscillations 
of the same crystal. For ease of comparison, the quoted values of 
~8 x and 60 r are the differences from the average, rather than the 
raw calculated values. 

Crystal Rossmann procedure Proposed procedure 

Goose lysozyme 60 x (o) ~0 r (o) 60 x (o) 60 r (o) 

Film 1 -0.031 -0.171 0.033 0.008 
2 0.054 0.186 0.022 0.027 
3 -0.116 0-109 -0.072 0.069 
4 -0-016 0.009 0.010 -0.091 
5 0.014 0.069 0.037 0.095 
6 -0.026 0.039 0.004 -0-024 
7 0.049 0-049 0.021 0.097 
8 0.024 -0.096 -0.026 -0.051 
9 0.049 0.174 -0.024 -0.011 

R.m.s. value 0.051 0.117 0.033 0.073 

Bacterio- 
chlorophyll 

protein ~0 x (o) ~0 r (o) 60x (o) 60 r (o) 

Film 1 --0.008 0.037 -0.039 -0.041 
2 0.042 0.051 0.021 0.041 
3 --0.008 - -0 .109  -0.004 -0.061 
4 --0.028 0.021 0.023 0.062 

R.m.s. value 0.026 0.064 0.025 0.052 

four contiguous films of a bacteriochlorophyll protein 
(Matthews, Fenna, Bolognesi, Schmid & Olson, 1979), 
cell dimensions a = b = 112.4, c = 98 .4A,  space 
group P63. For the larger bacteriochlorophyll protein 
cell, the proposed refinement procedure gives results 
which are somewhat more consistent than Rossmann's 
procedure, although there is little to choose between the 
two techniques. However, in the case Of the smaller 
goose lysozyme cell, which has far fewer reflections on 
each film pack, the proposed procedure is clearly 
superior. Here, the r.m.s, variation in both 6 0  x a n d  ~ 0  r 
is 35% lower for the proposed method than for 
Rossmann's method. It appears that Rossmann's 
method works best when there is a large number of 
reflections on the film, and, therefore, a reasonable 
number of reflections close to the edge of each lune. It is 
these 'edge' reflections which are critically important in 
Rossmann's orientation procedure. In contrast, the 
proposed method uses all the reflections in each lune, 
and the accuracy does not seem to depend very much 
on the number of reflections on the film. In Table 2 we 
give the variation in the crystat orientation angles for 
several different proteins. The results suggest that the 
typical uncertainty in the calculated orientation angles 
~0 x and ~0 r is about 0.05 °. As proposed by Schutt & 
Winkler (1977) and Rossmann (1979), it is also 
possible to obtain higher precision by 'post-refinement' 
techniques, although this is not so important when one 
can add together partial reflections recorded from the 
same crystal on successive film packs. Where a 
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Table 2. Accuracy of crystal orientation 

Number of 
contiguous R.m.s. 60 x R.m.s. ~0v 

Crystal films (o) (o) 

Goose lysozyme 9 0.033 0.073 
B acteriochlorophyll 4 0.025 0.052 

protein: Run 1 
Bacteriochlorophyll 8 0.038 0.042 

protein: Run 2 
T4 phage lysozyme 5 0.023 0.032 
Group-specific protease 20 0.054 0.082 
Thermolysin: Run 1 7 0.094 0.036 
Thermolysin: Run 2 9 0.022 0.023 

contiguous set of films is available, as in Tables 1 and 
2, it is possible, in principle, to increase the precision by 
using the average of the orientation angles determined 
for the set, rather than the individual values. We tested 
the potential advantage of such averaging by pro- 
cessing a contiguous set of phage lysozyme films in two 
ways. In one case the individually determined orien- 
tation parameters for each film were used, and in the 
second case a constant overall average orientation was 
used for all the films. When the respective data sets 
were merged together, the respective R values were 
essentially identical. In the latter case the merged data 
set contained about 1% more reflections because, with 
constant orientation parameters, each film exactly 
matches the adjacent films in the set, whereas, with 
individually determined orientation parameters, a few 
partially recorded reflections on adjacent films are 
'lost'. On balance, there seems to be little to be gained 
by averaging the crystal orientation parameters and 
reprocessing atl the films. 

The proposed method for determining the crystal 
orientation will routinely converge to the correct 
solution if the assumed orientation of the crystal is 
correct within a degree or so. The range of con- 
vergence has not been tested fully, but we have, on 
occasion, seen correct convergence where the assumed 
orientation was in error by 3 ° . In cases where the 
alignment of the crystal is in doubt, it is desirable to 
carry out an initial refinement with the low-angle data, 
e.g. to 5 A resolution, before including the high- 
resolution data. 

As discussed by Rossmann (1979) and others 
(Diamond, 1969; Ford, 1974), it is desirable to use 
profile fitting to inaprove the accuracy of the weak 
reflections, to estimate standard deviations, and also to 
provide criteria for the rejection of doubtful measure- 
ments. Our procedure follows that described by 
R0ssmann. Intensities of fully recorded reflections are 
estimated by comparison with a profile which varies 
across the film. Partially recorded reflections are 
measured by summing optical densities within 
designated peak and background areas. Partial reflec- 
tions on adjacent films are summed, but are usually 

ignored if the reflection extends over more  than two 
exposures. Variation in spot shape is taken into account 
by means of the profile shape, which can change 
smoothly across the film. Because of the cylindrical 
geometry, spot-shape variation is less than for a flat or 
V-shaped cassette. Also, the obliquity correction varies 
least for cylindrical geometry, in which case it deoends 
only on the distance from the equator. The necessary 
obliquity corrections are given by Wonacott (1977), 
although two errors need to be corrected. In equation 
(7.32), A(fl) 2 should be replaced by A(fl), and in 
equation (7.33), A (fl)n should be replaced by A (fl). 

Along with other investigators we have found that 
the measured intensities of partially recorded reflections 
tend to be systematically higher than the fully recorded 
reflections, especially for the weak data (Irwin, Nyborg, 
Reid & Blow, 1976; Wilson & Yeates, 1979). It is 
important, when measuring weak data, not to discard 
reflections for which the measured intensity is negative. 
Such negative values should be kept and averaged with 
measurements of the reflection from other films, 
otherwise the weak reflections will be systematically 
overestimated. Since partial reflections occur on more 
films than do whole ones, they will, on average, be 
overestimated by more than the whole ones. The 
inclusion of the 'negative' reflections reduces, but does 
not eliminate the systematic overestimation of the 
partial reflections. The overestimation is given by Rblas 
(cf. Irwin et al., 1976), where 

Z((IF)--Ip) 
Rbias = 100 (6) 

Z ( I r )  

(IF) is the average intensity of the fully-recorded 
reflections and I e the intensity determined by summing 
partially recorded reflections. In a test with the 1-8/~ 
resolution data set for T4 phage lysozyme, the value of 
Rbias when all negative intensity measurements were 
excluded was - 7 . 6 % .  Including the negative measure- 
ments reduced the bias value to - 3 . 3  %. 

Some representative data processing statistics are 
given in Table 3. The R values depend on several factors 
such as the resolution and the redundancy of the data, 
but they do give an indication of the overall quality of 
the data. In most cases the crystals used were about 
0.4 to 0.5 mm in cross section, although the goose 
lysozyme crystals were thinner (0.4 x 0.4 x 0.15 
mm). The lower R value for the goose lysozyme 
crystals may be due in part to the lower absorption in 
this case. In contrast, the phage lysozyme crystals were 
equilibrated with electron-dense phosphate solutions 
which increased the absorption. The relatively high R 
value for the bacteriochlorophyll protein is due in part 
to the large number of films and the high redundancy 
(approximately threefold) of the data. As an indepen- 
dent test of the quality of the oscillation data we 
compared the thermolysin data, measured to 1.6/k,  
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Table 3. Data processing statistics 

R merge R merge 
Resolution Total Unique (Including (Deleting 

Protein (/k) Films Crystals reflections reflections Rs* m partials) partials) 

Thermolysin 1.6 48 5 95 806 32 660 5.0 8.8 7.1 
T4 phage lysozyme 1.9 28 4 32 410 13 466 6.7 11.6 10.2 
Mutant T4 lysozyme, N 14 2.1 19 2 19 126 10 502 - 9.5 7.9 
Bacteriochlorophyll protein 1.9 76 9 126 269 46 764 4.6 11.6 10.0 
Goose lysozyme 2.0 32 2 18 739 10 959 - 5.2 - 
Cro repressor 2.4 15 2 18 940 11 987 - 7.6 6.8 

* R = 100 Z II - ]1/Z I. Rsy m is the R value for symmetry-related intensities recorded on the same film, and the value quoted is the 
average over all films in the data set. Rmerg e gives the agreement between intensities measured on different films. 

with a previous data set collected to 2.3 A resolution 
by precession photography (Colman, Jasonius & 
Matthews, 1972). For  the 11 824 reflections common 
to the two sets of data  the R value on intensities was 
6.6%. Similarly, the R value for 6500 reflections 
common to a 2.4 A resolution precession data set and 
a 1.8 A resolution oscillation data set for T4 phage 
lysozyme was 10.8%. For the bacteriochlorophyll 
protein, 15 000 common reflections to 2.8 A resolution 
had an R value of 9 .8%. Recently, the oscillation data 
collection system has been used to determine the 
structure of the cro repressor protein from bacterio- 
phage 2 to 2.8 A resolution (Anderson, Ohlendorf, 
Takeda & Matthews, 1981). 
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