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Abstract

Growth-induced defects in lysozyme crystals were
observed by white-beam and monochromatic X-ray
topography at the National Synchrotron Light Source
(NSLS) at the Brookhaven National Laboratory (BNL).
The topographic methods were non-destructive to the
extent that traditional diffraction data collection could
be performed to high resolution after topography. It
was found that changes in growth parameters, defect
concentration as detected by X-ray topography, and the
diffraction quality obtainable from the crystals were
all strongly correlated. In addition, crystals with fewer
defects showed lower mosaicity and higher diffraction
resolution as expected.

1. Introduction

X-ray topography is a non-destructive technique for
imaging microscopic structural defects in nearly per-
fect crystals. It has been applied to a large variety
of inorganic and organic materials and undoubtedly
has played a major role in the search of defect-free
crystals for the semiconductor industry. A review of
the different topographic methods, the dynamical theory
and its application to different materials can be found in
Tanner (1976). To the authors’ knowledge no in-depth
X-ray topographic study of protein crystals has been
performed to date.

In X-ray topography, usually the whole crystal is
immersed in a parallel X-ray beam and the resulting
diffraction spots are imaged with high spatial resolution.
The crystalline defects cause each diffraction spot to
contain microscopic intensity variations which can be
used to extract information about the type and volume
distribution of the defects. This technique works best
when the defect density is low and is complementary to
the more usual rocking-curve measurements which work
best for crystals with high defect densities. Two different
X-ray topographic techniques are usually employed. The
white-beam, or Laue geometry, provides rapid imaging,
but can result in lower effective resolution, particularly
in less perfect samples. It is, however, an ideal tool for
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screening, since exposures are short and alignment is
not critical. Monochromatic beam methods can provide
more detailed information about defects but require more
careful alignment and longer exposures.

In the last 20 years, substantial efforts have been
made to study the crystallization of biological macro-
molecules. The goal has been to find growth conditions
yielding higher quality crystals for molecular structure
studies. Yet, even for a simple system, such as hen
egg-white lysozyme (HEWL) the effect of the growth
environment on growth kinetics and dynamics is still
not completely understood. With respect to factors that
possibly influence the structural quality, optical interfer-
ometric investigations have shown that higher solution
purity results in different growth facet morphology (Vek-
ilov, Monaco & Rosenberger, 1995), in higher tangential
step velocity, and in improved optical homogeneity
of lysozyme crystals (Vekilov & Rosenberger, 1996).
Also of interest for the dependence of defect formation
on growth conditions is the finding that temperature
changes as small as 0.1 K can result in striations (veils)
in lysozyme crystals (Monaco & Rosenberger, 1993).
The purpose of the present study is to characterize by
X-ray diffraction topography the defects that result under
certain growth conditions, and to attempt to correlate
them to standard diffraction statistics.

2. Samples

Tetragonal hen egg-white lysozyme crystals (P432,2,
a=b=79.1, c=37.9 A) were grown by the temperature-
programming technique (Rosenberger, Howard, Sow-
ers & Nyce, 1993). 1520 ul of growth solution con-
taining S0 mgml~' lysozyme and 2.5%(w/v) NaCl in
50 mM acetate/acetic acid buffer, pH = 4.5, as described
in the previous reference and in Monaco & Rosenberger
(1993), were sealed in square glass capillaries (Wilson
Scientific Glass, Inc.), which were appropriate for X-ray
exposure. A very small portion of the capillary, about
I mm of the 5cm long capillary, was kept in thermal
contact with a miniature thermoelectric pump (Peltier)
that could be programmed between 281 and 323 K.
The whole setup, capillary and thermoelectric pump
was kept in a temperature-controlled jacket (+0.1K).
Growth was observed by means of a Wild long focal

Acta Crystallographica Section D
ISSN 0907-4449 © 1997



V. STOJANOFF, D. P. SIDDONS, L. A. MONACO, P. VEKILOV AND F. ROSENBERGER

589

Table 1. Summary of growth, storage and shipping conditions of the HEWL crystals

Sample Lysozyme Nucleation Growth Storage Shipping
source T (K) T (K) Duration (d) T (K) Duration (d) T (K) T at arrival (K)

14 Sigma 2915 291.5 5 299 28 301 298
25-1 Sigma 2875 2875 4 299 35 301 297
25-2 Sigma 287.5 2875 6 299 35 301 297
26-1 Scikagaku 284 284 3 299 20 301 297
26-3 Seikagaku 294 284 3 299 20 301 297
28-c Scikagaku 283 287, 288 1,1 301 32 301 296
28-c Scikagaku 283 286, 287 1,1 381 32 381 296
28-¢ Seikagaku 283 286, 288, 287 1, 1,1 381 32 381 296

length microscope. Several parameters such as lysozyme 3. Methods

suppliers and nucleation and growth temperatures were
changed. Lysozyme from two different suppliers, Sigma
Chemical Co. and Seikagaku America Inc. was used.
Both batches contained higher molecular weight pro-
teins as impurities, Sigma 5.7%(w/w) and Seikagaku
1.5%(w/w) as was shown by Thomas, Vekilov & Rosen-
berger (1996) and Rosenberger, Muschol, Thomas &
Vekilov (1996). The temperature history for the different
crystals is listed in Table 1. Nucleation and growth
temperatures were optimized for each growth condition
by optical interferometry. Several nucleation and growth
temperatures were selected and the crystals analysed
by optical interferometry. When optical interferometry
indicated good crystal growth conditions crystals for
X-ray analysis were grown under these conditions. The
optimal conditions showed to be different for the two
different starting materials. Once crystals reached sizes
between 0.5 and 0.7 mm they were stored in an incubator
at 299 K until beamtime was available.

In order to minimize dissolution or unwanted sec-
ondary crystallization during transportation until expo-
sure to the X-ray beam the capillaries were kept im-
mersed in a bath of partly molten octadecane (C;3Hsy).
The octadecane was heated and its temperature allowed
to equilibrate with the temperature in the incubator. It
was then packed into a Styrofoam box around a copper
cylinder which was in contact with a glass cylinder
in which the capillaries had been carefully mounted
for transport. A digital thermometer was kept in the
Styrofoam box and in contact with the glass cylinder
with the crystal capillaries. The thermometer allowed
for the temperature to be monitored between the time
the crystals were removed from the incubator to the
time they were exposed to the X-rays. The temperature
change observed was smaller then 3—4 K. Just before
exposure the capillaries were opened and the growth
solution drained. The surroundings of the crystal were
dried until only a thin liquid meniscus layer kept the
crystal attached to the capillary wall. Before the capillary
was sealed again a small drop of growth solution was
inserted on both ends of the capillary to prevent the
crystal drying out. During this procedure special care
was taken not to touch the crystal.

White and monochromatic synchrotron radiation from
beamline X26C at the National Synchrotron Light
Source (NSLS) at BNL were employed in the X-ray
topographic studies. The X26C port is 20 m from the
bending magnet and the spot size at the sample was
reduced by several slit assemblies to 1 mm?. In both
cases a helium-filled volume between the acceptance
slit and the sample was used to reduce X-ray scattering
by air. The diffraction images were recorded on Kodak
INDUSTREX SRS5 film, which was always kept normal
to the incident-beam direction to simplify indexing.

For the white-beam X-ray topography the sample-to-
film distance was of the order of 300 mm with an average
exposure time of 30 s. The distance was chosen in order
to avoid spot overlaps, however, the geometric resolution
was shown to be compromized. The diffraction patterns
were scanned with a microdensitometer (Optronics In-
ternational, System P1000) and the linear coordinates for
each diffraction spot recorded. These coordinates were
then entered into the CCP4 LAUFE package (Campbell
et al., 1987; Helliwell et al., 1989) and the diffraction
pattern indexed.

In order to improve the spatial resolution, and
hence improve defect visualization, monochromatic
X-rays from a monolithic (channel-cut) (111) silicon
crystal with two symmetric reflections was employed.
The divergence of the synchrotron radiation beam
incident on the monochromator was 6 x 60 prad?
(3 x 30cm). The wavelength was chosen to be 14,
a wavelength frequently used in structure determination
data collection. The crystal-to-film distance in this case
was 75mm and exposures took several minutes. The
resulting images resolve features down to about 1um
with separations of a few pum. Visually the images
resemble electron micrographs, although, since there is
no magnification the length scales represented are quite
different.

Two weeks after the topographic studies some of the
crystals were taken to beamline X12B of the NSLS for
diffraction data collection. This beamline is equipped
with a MAR Research imaging-plate detector, an
Si (111) monochromator and a set of focusing mirrors.
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aggregates may act as impurities and be incorporated in
the crystal or act as growth units. These mechanisms
may explain the growth striations observed in the (110}
plane (Fig. 2b). as well as the anisotropic precipitate and
linear defects observed in Fig. 3.
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Fig. 7. Diffraction statistics for crystals 25-1 (dashed line) and 26-3
(solid line) versus resolution limit. (a) Fraction of reflections with
signal-to-noise ratio //a(/) > 20; (b) completeness; (c) R scalc factor.
The statistics corresponds to that obtained with the HKL package
(Otwinowski, 1993a.b)

X-RAY TOPOGRAPHY OF TETRAGONAL LYSOZYME

The quality of a protein crystal is usually accessed
through its mosaicity and diffraction resolution limit
obtained from the analysis of diffraction patterns with
programs such as the HKL package (Otwinowski,
1993a,b; Minor, 1993). These programs do not give true
mosaicity values, but only an average value which is
convoluted with an experimental function characteristic
of the specific experimental setup used (crystal size,
detector resolution, erc.). Nevertheless it was possible
to observe a relationship between the X-ray topographs
shown in Figs. 2, 3, 4 and 5 and the values listed in Table
2. Crystals which presented a higher density of defects
presented overall worse diffraction properties. Sample
25-1b which shows a high concentration of striations in
the topograph presents the highest mosaicity as well as
the poorest diffraction resolution limit. A lower average
signal-to-noise value was also observed for this sample.
The statistical results from the oscillation data of crystals
26-1 and 26-3 are very similar; the mosaicity of sample
26-1 is about 7.5% higher then the mosaicity of sample
26-3. This result is in agreement with the topographic
images of the two samples; crystal 26-3 presents a
smaller density of defects.

Recently, detailed evaluations of crystal quality have
been performed by several authors (Helliwell, 1988,
1992; Colapietro et al., 1992; Fourme, Ducruix, Riés-
Kautt & Cappelle, 1995). The mosaicity reported for
individual reflections from microgravity and earth-grown
HEWL crystals was of the order of a few hundredths of
a degree for the best crystals (Snell, et al., 1995). All
of the above authors make the assumption that lower
mosaicity implies ‘better’ crystals. This assumption is
also supported by the present results.

The diffraction resolution limit shown in Table 2
is also a result from the HKL package (Otwinowski,
1993b). Although there is measurable diffraction up to
1.55 A and probably beyond, for sample 26-3, the signal-
to-noise ratio was really too small to allow reflections
lying in higher resolution shells to be taken into ac-
count by the scaling procedure. Both the experimental
setup and beamtime limitations did not allow for higher
resolution data collection on that sample.

6. Summary and conclusions

X-ray topographic methods were used to characterize
growth defects in hen egg-white lysozyme crystals. To
the extent that high-resolution diffraction-data collection
could be performed after X-ray diffraction topography
this method proved to be non-destructive to protein
crystals. Furthermore it showed the dependence of defect
concentration as a function of growth conditions.

The good correlation between the defect density ob-
served in the topographic images and scaling statistics
shows that X-ray topography can be used to access

crystal quality if not in a quantitative way at least from
a qualitative point of view. Probably, its best application
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will be, in combination with rocking-curve measure-
ments, as a survey tool to improve macromolecular
crystal growth techniques but it could also help to un-
derstand problems such as changes in mosaicity arising
from freezing, degradation on soaking of derivatives, efc.
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