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Electron density maps of lysozyme calculated using synchrotron Laue
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Abstract. We have used lysozyme as a test case to illustrate the application of a new
method of estimating the intensitics of Laue multiples reflection data in protein crystallo-
graphy. Hen egg-white lysozyme, an enzyme with a single polypeptide chain of 129 amino
acids, crystatlizes in space group P4;2,2 with cell parameters a=b=7%14, c= 3794,
Lauve image plate data were collected using synchrotron radiation on station 9-5 at Daresbury
with a total exposure time of (:95 seconds. The data processed were separated into two data
sets comprising the singles and the combined singles and deconvoluted multiples. The method
of deconvolution was that of Campbell and Hao (1993, which utilizes the intensity variztion
of the Z-curve. Electron density maps (2F, — F.) based on the two data sets are then compared.
This comparison shows that the deconvoluted multiples do indeed contribute usefully to
the continuity of the maps due to the improved completeness of the data. A number of map
sections along the polypeptide chain, based on the two Laue data sets, are shown for
comparison. These include Arg 5, His 15, Phe 38, Asp 52, Tyr 53, Pro 70, Trp 108 and the
four disulphide bridges.

Keywords. Synchrotron radiation; Laue diffraction; hen egg-white lysozyme; image plate;
X-PLOR,; electron density; amino acids.

1. Intreduction

The synchrotron Laue method has opened up the field of time-resolved macromolecular
crystallography (Allinson et al 1992; Cruickshank et al 1992; Pai 1992: Blow 1993).
The method is particularly apposite for time-resolved studies on timescales of seconds
or subseconds so as to detect catalytic processes in enzyme crystals.

Reflecting planes in a stationary crystal, when illuminated by a white beam
{wavelength range A . to A__ ) satisfy Bragg’s law resulting in spots stimulated at
different wavelengths. If reflections are members of the same harmonic series ie. h,
2h, 3k, etc., then they will be coincident on the same spot, forming a so-called energy-
overlap multiple-spot. The percentage of single-order spots depends on the ratio
Amax! Amia- It Tises from 83% when the ratio is infinite to 88% when the ratio is 3 and
reaches 1007, when this ratio tends to unity, i.e. the monochromatic limit (Cruickshank
et al 1987).

Structure solution using standard Patterson and direct methods procedures with
Laue singles data alone has proved successful in small molecule studies (Clucas et al
1988; Harding ef al 1988; Gomez de Anderez et al 1989; M Helliwell et al 1989a).

The structure refinement of a cobalt derivative of concanavalin A in 1222 space
group at 2 A resolution using Laue singles data has also been realized (Cassetta et af
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1993). Although the parallel refinement at 1-6A for the monochromatic data
(Emmerich et al 1993) showed better continuity in the 2F, — F_ electron density, the
Laue maps were of good quality.

F,— F, Fourier syntheses.using Laue data have proved interpretable in protein
structural studies even allowing single water molecules to be seen (Lindahl et al 1992;
Singer et al 1993; Cameron et al 1993). Improvements to the analysis procedures, so
as to include multiples, thereby increasing the total number of reflection data, have
been made. One method for deconvoluting the multiple spots based on the use of
the differential absorption by the multiple films in a film pack has been available for
some time and has been applied (Helliwell et al 1989b; Duke et al 1992; Weisgerber
and Helliwetl 1993) using the program UNSCRAM (Zurek et al 1985). New approaches
based on direct methods (Hao et af 1993) and via the wavelength normalization curve
(Campbell and Hao 1993) have been introduced which allow unscrambling of
multiplets even when only a single film or an image plate in one exposure is employed,
in contrast to the earlier method of differential absorption.

Until the advent of the image plate or storage phosphor, film was the only detector
used in Laue crystallography. Detectors such as the image plate have a high detective
quantum efficiency and a wide dynamic range, which results in a great reduction in
exposure time (Amemiya 1990) over film, especially for short wavelengths. We report
here as an example of protein crystallography using Laue image plate data from
lysozyme as a test case, and particularly involving the use of multiples deconvoluted
by the new procedure of Campbell and Hao (1993).

2. Experimental

- Lysozyme crystallizes in space group P4,2, 2 with unit cell parameters a = b = 791 A,

¢=379A. A crystal of dimension 0-14 x 0-27 x 0-79 mm? was used to collect Laue
.data on station 9-5 at the SRS Daresbury Laboratory in the polychromatic mode
(Brammer et al 1988). The SRS operated at 2GeV and 230mA with a 5 tesla wiggler.
The wavelength band-pass was 0-5-2-2 A. The crystal 6 detector distance used was
216-Tmm. The collimator size was (-3 mm. Data were collected on a 90 mm radius
Image Plate (Amemiya and Miyahara 1988) system of MAR Research, which uses
on-line scanning (1200 x 1200 pixels and 0-150 mm pixel size}.

Four images were collected with the crystal set at angles of — 15, 0, 15 and 40°
about the spindle axis (see figure 1 for one example). The exposure time was 0-20sec
for the first exposure and 0-25 sec for each of the other three exposures, and the real
time for data collection was less than 30 min. The time to clear the image for this
device 15 90 sec. The total time taken could have been reduced substantially if required.

3. Data reduction

The four synchrotron Laue images were processed using the Daresbury Laboratory
suite (Helliwell et al 1989b) updated in 1991 for dealing with image plate data,

The computer programs SPOTIN and NEWLAUE were used to determine the
orientation of the crystal. SPOTIN was used to select high angle nodals (about six
spots) to be used by NEWLAUE to auto-index the image.

GENLAUE used the orientation angles to predict the diffraction pattern to 2-5 A
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Figure 1. Synchrotron Laue diffraction pattern of lysozyme recorded on an image plate
on station 9-5 at Daresbury (exposure time 0-25 sec).

resolution within the wavelength range 0-5-2:2 A for each image. An average of 140
nodal spots were used to refine the misorientation angles. Spots were classified as
spatially overlapped when their centres were within 0-4 mm of each other. These were
small in number, comprising approximately a few hundred out of ~ 5000 for each
image.

INTLAUE, with the profile fit option, was used to measure the intensity and standard
deviation of each spot. Spatially overlapped spots were rejected from measurement.
There were no overloaded spots.

The computer program LAUENORM was used for the wavelength normalization
procedure in order to scale together intensities stimulated at different wavelengths.
This procedure produces a A-curve, which contains the combined information of the

. distribution of beam intensity with energy as well as other A-dependent effects on the
intensity of spots. This program relies on the intensity of symmetry equivalent
reflections measured at different wavelengths to determine the scale (Campbell ét al
1986), assuming there is no significant anomalous scatterer at the wavelengths measured.
’ For obtaining the scaled singles data set, spots stimulated by wavelengths within
the range 0-49—1-6 A were selected, and divided into 10 bins. Reflections stimulated
by the shorter wavelengths are both weakly scattered and detected while spots
stimulated at longer wavelengths also become weak due to absorption. The peak of
the i-curve, with this experimental arrangement (including the image plate), is at 1-1 A
Reflections whose intensities were less than 1-5¢ were also rejected. The bulk of the
accepted reflections were between wavelengths 0-49 and 1-16 A with the most dense
concentration oceurring between 0-6 and 1-05 A. This agrees with a recent suggestion
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that in Laue crystallography the wavelength range be limited to an octave, ic. a
factor of two, with 0-75-1-50 A as the optimal choice (Sweet et al 1993), as well as
our own work suggesting a range of 0-6-1-6 A (Helliwell er al 1989b). By this means
the intensity errors at both ends of wavelength range are reduced. A total of 7336
normalized reflection data were output with a final merging R-facter on intensity of
0-070.

For obtaining the deconvoluted multiples a new modified version of the LAUENORM
program was used (Campbell and Hao 1993). Advantage can be taken of the A-curve
to deconvolute intensities of component reflections within multiple spots. This can
be done when a multiple has been repeatedly measured with the crystal in more than
one orientation. To deconvolute a double, two or more such orientations are needed,
thrée or more for a triple, and so on. In the present case, the use of four crystal
orientations and the presence of high symmetry enable the method to be used to
deconvolute many of the multiples data. A detailed description of the procedure is
given in Campbell and Hao (1993).

So as to increase the number of multiples which may be deconvoluted a wider
wavelength range was now used, i.e. 0485-1-9 A, divided into 20 bins. Reflections whose
intensities were less than 3¢ were rejected. The number of multiples deconvoluted
yielded 415 reflections (derived from 226 multipies). Figure 2 shows the number of
multiples versus multiplicity; 85% of the multiple spots were doubles and 13% tripies,
with only two quadruples and one pentuple. The maximum multiplicity actually seen
was 10. By this procedure, about 56% of the multiples found were deconvoluted, i.e.
226 out of 404 multiples. '

These deconvoluted multiple reflections were scaled, on F, to an existing
diffractometer cdata set to test their quality. There were 391 reflections common to
the two data sets. The overall AF/F value was 0229, ranging from 0-15 at 63 A to
0-18 at 3-65 A and rising to 043 at 2:5A. For comparison the singles alone data set
was scaled to the dilfractometer set. There were 2551 reflections in common. The
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Figure 2. Plot of number of deconvoluted multiple spots vs multiplicity (D(doubles),
T{triples), Q(quadruples) and P(pentuples)).
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overall AF/F value was then (+12, varying from 012 at 50A to 0:106 at 3-16 A and
rising to 0152 at 2:5A.

The programs ROTAVATA/AGROVATA were used to merge the singles and
deconvoluted muitiple reflections and obtain a unique set of the data. In addition a
second data file was scaled by separately using the singles alone to allow comparison.
For the singles alone a total of 2573 reflections were obtained to 25 A resolution
with a merging R-factor on intensity of 0-068. The completeness of the data between
co-d_, was 58:4%, between oo-2d . 0%, and between 2d_,—d_;. 68%. The value
of zero between co-2d_, is unusual and was due primarily to a scanner limit,
preventing image plate data being read near the centre of the image. A more typical
value is 16%. The lower than usual overail completeness of the data (i.e. normally
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Figure 3. Plot of the completeness vs the resolution (d_, ) for the data sets based on (a}
singles alone and (b) combined singles and deconvoluted multiples.
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7077} was also due to the scanning limit. 94-1% of all the data were greater than 3
standard deviations between co—d_, . For the combined data set comprising singles
and deconvoluted multiples the data set contained a total of 2963 unique reflections
with the' merging R-factor on intensity of 0-081 to 2:5A. The completeness of the
data between co—d_, was 67-3%;, co-2d_, 31%,and 2d_, —d_. 73-3%, Figure 3 shows
the completeness versus the resolution for each data set.

4. Structure refinement and calculation of 2F, — F, electron density maps

The original coordinates deposited at the Protein Data Bank by R Diamond,
D C Phillips, C C F Blake and A C T North in February 1975 (6LYZ) were refined
with the X-PLOR program suite (Briinger 1990) against the two data sets and used
to generate the structure factors. The X-PLOR refinement included 40 cycles of -
positional refinement followed by 20 cycles of temperature (B-factor) refinement.

Using the singles data in the refinement the R-factor dropped from an initial value
of 0-349 to 0-197. After four iterations of X-PLOR the R-factor converged to a final
value of 0-144. The root mean square (r.m.s.) deviation for bond lengths = 0014 A,
bond angles = 3-1° and torsion angles = 23-4°. In a separate calculation and using
the combined singles and multiples data in the refinement the R-factor dropped from
an initial value of 0-350 at the start of the refinement to 0-215. After four iterations
of X-PLOR the R-factor converged to a final value of 0-163. The r.m.s. deviation for
bond lengths = 0016 A, bond angles = 3-4° and torsion angles = 23-5°,

The 2F, ~ F, map calculations, for the singles data set and the combined singles
and multiples data set, were done by using the CCP4 (1979) suite of programs. These
maps were inspected on an ESV30 computer graphics workstation using the FRODO
program (Jones 1978). :

5. Results and discussion

By inspection of the 2F, — F, maps for the two data sets using the same contouring
levels {1-0s), there is a general consensus that the maps based on the full data set are
better defined, along both the main chain and side chains.

In figure 4 we show Arg 5, His 15, Phe 38, Asp 52, Tyr 53, Pro 70 and Trp 108. The
four disulphide bridges Cys 6-Cys 127, Cys 30-Cys 115, Cys 64—Cys 80, and Cys 76—
Cys 94 are also shown for comparison. :

In most cases it is evident from the maps that the deconvoluted multiples contribute
to the improvement of the map features. Interestingly, in some cases there is no
improvement. While the singles alone can yield maps adequate for interpretation,
the combination of singles and deconvoluted multiples enhances the' quality of the
maps.

6. Conclusions

We have shown the usefulness of the procedure of Campbell and Hao {1993} for
deconvoluting muttiples in synchrotron Laue image plate data and including these
data with wavelength normalized Laue singles data in the calculation of (2F,—F,)
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Figure 4. For caption, see p.17.
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Figure 4. For caption, see p. 17.
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Figure 4. For caption, see p. 17.
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Figure 4. For caption, see p.17.
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Figure 4. For caption, see p. 17.
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Figure 4. For caption, see p. 17.
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Figure 4. For caption, see p.17.
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Figure 4. 2F,— F_ clectron density maps contoured from 1-0g for various amino acid
residues: (Arg 5, His 15, Phe 38, Asp 52, Tyr 53, Pro 70, Trp 108 and disulphide bridges
Cys 6-Cys 127, Cys 30-Cys 115, Cys 64-Cys 80 and Cys 76—Cys 94 (singles alone (top
figures) and combined singles and deconvoluted multiples (bottom figures)).
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electron density maps. Since this is a straightforward procedure, not necessitating
any additional experimental data collection to realize improved completeness, it is
a significant step forward for the synchrotron Laue method, where time may be an
important constraint in data collection.
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