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Abstract

UNIVERSITY OF MANCHESTER

ABSTRACT OF THESIS submitted by E. H. Snell for the Ph.D. Degree en-
titled Uses of the Synchrotron X-ray Laue Technique and Investigation

of Microgravity Crystal Growth

Month and Year of Submission: November 1995

The work presented here is divided into two parts. The first deals with three
separate developments of the synchrotron Laue method. The second part de-
scribes the use of microgravity to produce more perfect protein crystals, X-ray
topography to examine them and the use of the Mach-Zehnder interferometer as

a diagnostic tool in crystallography.

Part I. The Laue method was used for a structural solution of a small inorganic

test crystal, NiAPO (Snell et al. 1995, J. Synchrotron Rad.).**® An image plate




Abstract 20

was used for the data collection and comparison made with the use of photo-
graphic film. Synchrotron data collection was completed in less than one hour
and a structure produced with an R-factor on F of 5.11% for I > 30(I) compar-
ing well with monochromatic studies on the same crystal. Secondly the problem
of completeness of data at low resolution, “the low resolution hole”, was tack-
led for the protein lysozyme via a strategy involving small angular interval data
collection. From a data set of 31 images recorded at 2° intervals a subset of
4°, 10° and 30° intervals (16, 6 and 3 images respectively) were compared in
terms of completeness and electron density maps. The 2° data gave the best
completeness of 86.1% for d,n-00, 88.1% for dpmin-2dmin and 68.6% for 2d:,-00
and an overall improved electron density. The study documents the progressive
deterioration of completeness and map quality as coarser angular intervals are
employed. Thirdly the Laue method is used to examine the performance of the
European Synchrotron Radiation Facility’s (ESRF) Image intensifying Charge
Coupled Device (CCD) X-ray detector, with a view to helping to realise optimal

detector calibration and use.

Part II: Firstly, lysozyme crystals have been grown using the European Space
Agency’s (ESA) Advanced Protein Crystallization Facility (APCF) on-board the
NASA STS-65 International Microgravity Laboratory-2 (IML-2) Space Shuttle
mission. Exceptionally large, well defined morphology, tetragonal crystals were
produced. The crystals had a 1.8 mm average length (2.5 mm maximum) along
the longest dimension as opposed to 0.6 mm average (0.8 mm maximum) for
the ground-control crystals grown under identical conditions (but not within
an APCF). An unusual presence of orthorhombic ‘needle shaped’ crystals was

also observed in the microgravity-grown case. Rocking width measurements were

Abstract
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made at the ESRF, with a high resolution diffractometer, of a microgravity-grown
and an earth-grown control, tetragonal crystal. The microgravity-grown crystal
displayed mosaic spreads as low as 0.0019° compared to the lowest value of 0.0067°
for the earth-grown control crystal. The reduction in mosaic spread results in a
corresponding increase in peak intensity for the reflections giving improved sig-
nal to noise for microgravity-grown crystal X-ray data (Snell et al. 1995, Acta
Cryst. D).2% Tt was also readily possible to measure diffraction at 1.2 A for the
microgravity-grown crystal. Secondly, a topographic study of the microgravity-
grown crystals was conducted at the National Synchrotron Light Source (NSLS).
Images of mosaic blocks in the crystals were obtained, the first direct evidence
for these ever obtained as far as we know. The sizes of the blocks correlates
well with the IML-2 grown ESRF rocking width measurements. Thirdly, a po-
tential diagnostic tool, the Mach-Zehnder interferometer (implemented in the
engineering model of the Advanced Protein Crystallization Facility) has been in-
vestigated with lysozyme as the test sample. This allowed the time-dependence
of the lysozyme crystal growth process to be monitored, via the refractive index

changes in the solution.

Discussions and future work are presented for both parts of the thesis.

Abstract
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Chapter 1

Introduction to the Laue Method and

Synchrotron Radiation

1.1 Historical Background (X-rays and the Laue

method)

In the old Bavarian university town of Wiirzburg, Wilhelm Conrad Rontgen,
Professor of Physics, had assembled equipment to investigate the hotly contested
subject of cathode rays. Included in his apparatus was a fairly large induction
coil and suitable discharge tubes. Rontgen never divulged what measurements
he intended to make nor what discharge tube he was using when, on the 8th
of November 1895, he noticed the effect of X-rays (as he called the rays for
the sake of brevity).®? A barium platino cyanide screen lying on the table at
a considerable distance from the tube showed a flash of fluorescence every time
a discharge of the induction coil went through the tube. Already knowing that
cathode rays (e™) were absorbed by the glass of the tube and the outside air he

concluded that the fluorescence was caused by something, the unknown X, that
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travelled in a straight line from the spot where the cathode ray in the tube hit
the glass wall. The unknown agent was absorbed by metals and these cast a
shadow on the fluorescent area of the screen. He therefore spoke of X-rays and
showed that these rays were exponentially absorbed in matter with an exponent
roughly proportional to the mass traversed. Rontgen was well aware he had found
something fundamentally new and in a breathless but comprehensive period of
work he wrote his first communication in December 1895 for the local Wiirzburg
Scientific Society.!% The paper was quickly set and Rontgen sent out proofs as
New Years Greetings to a number of his scientific friends. A translation of his

paper appeared later in Nature.200

In 1900 Rontgen was appointed to the chair of experimental physics at Munich
University. In 1912 at the same University Paul P. Ewald was preparing his doc-
tor’s dissertation under Arnold Sommerfeld, who held the Chair of Theoretical
Physics. Max von Laue had joined Sommerfeld’s group from a post doctoral
position with Max Planck in the Autumn of 1909. Ewald was analysing, theoret-
ically, the passage of light waves through a crystalline arrangement of scattering
atoms and he consulted Laue, a Privat-Dozent (lecturer), about his treatment of

the phenomenon.

Ewald described to Laue the idea that crystals were thought to have an internal
regularity with distances between atoms of 1/500 to 1/1000 the wavelength of
light. Laue suggested that if the atoms really formed a lattice then irradiation
with shorter waves, ie. X-rays, should produce interference phenomena similar to
light interferences in optical gratings. Various work had suggested that X-rays
had a wavelength of the order of 1 A. Laue discussed his idea of X-ray diffraction

with Sommerfeld whilst on a skiing holiday in the Alps. He also discussed it

1.1. Historical Background (X-rays and the Laue method)
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at the Café Lutz physics table (in Munich) - this was the general rallying point
for physicists after lunch for a cup of coffee and problem solving, making use of
pencil drawn diagrams and equations on the smooth white marble tops of the
Cafés tables. There was strong disbelief in the idea of any diffraction due to
the assumption that thermal motion of the atoms would impair the lattice effect.
Sommerfeld allowed his newly appointed experimental assistant, Walter Friedrich
(who had just finished his doctoral thesis on the theory of X-ray scattering under
Rontgen) with assistance from Paul Knipping, also from Rontgen’s institute, to
try Laue’s idea. Friedrich was hitherto to study the directional distribution of
the X-rays emanating from the anode so it was an easy matter to set up the

experiment as the X-ray tube and induction coil were already in place.

The experiment on transmission of X-rays through crystals began around Easter
1912 with the apparatus shown in figure 1.1 (a little behind the backs of the

particular bosses)'33.

Guided by exposure times from experiments on double scattering Friedrich knew
that exposures of several hours would be needed. He constructed a lead box
to contain the crystal and photographic plate, screening them from spurious X-
rays from the glass wall of the tube and irradiated air. To further protect the
experiment a lead screen was used with windows to limit the X-ray beam to
approximately 1 mm in width. Photographic plates were distributed around the

crystal to catch any diffracted rays.

The first sample used for the experiment was a crystal of copper sulphate found
in the laboratory. This was attached to a holder by means of wax in a random

orientation. Initially the photographic plate was placed between the X-ray tube

1.1. Historical Background (X-rays and the Laue method)
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Figure 1.1: Setup of the first Laue experiment apparatus (translated from
Friedrich, Knipping and von Laue (1912)!%)

and the crystal on the assumption that the crystal would act as a reflection
grating. This proved incorrect so a second attempt was made with the plate
behind the crystal. The total exposure to X-rays of a few hours took a day and
a night with the frequent halts to let the X-ray tube cool down. On developing
the plate, surrounding the direct beam spot there were rings of fuzzy spots seen.
Further exposures were taken with varying crystal to plate distances showing the
reflected rays to be travelling in straight lines. On tilting the crystal the spots
shifted their positions and altered in intensity - they behaved to all intents and
purposes as would be expected if they were caused by diffraction. As a final check

the crystal was ground up and the pattern of spots disappeared.

Laue, Friedrich and Knipping’s research was communicated to the Bavarian

1.1. Historical Background (X-rays and the Laue method)
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Academy of Sciences on the 8th June and 6th July 1912 and published in the
Proceedings (Sitzungsberichte) of the Academy.!®® Laue developed the theory to
go with the experiment and since then the use of a white (polychromatic) X-ray

beam incident on a stationary crystal has become known as the Laue method.

On 11th November 1912 four months after first hearing about von Laue’s results
William Lawrence Bragg read a paper to the Cambridge Philosophical Society
with the correct interpretation of the results.’” Lawrence Bragg had noticed that
spots, which were round when his photographic plate was close to the crystal,
became elliptical as the plate moved further away. Von Laue’s treatment assumed
that only a few definite wavelengths are present in the incident radiation and his
equations were satisfied approximately. Bragg found Laue’s explanation unsatis-
factory and reformulated von Laue’s conditions assuming a continuous spectrum
over a wide range of wavelength and a different point of view to the action of the
crystal as a diffraction grating. This led to some simplification and gave Bragg’s

law;

A =2dcosd

where A is the wavelength of the incident radiation, d is the shortest distance
between succegsive planes in the crystal, and # is the angle of incidence of the
primary rays to the normal of the reflecting plane. In a later paper® he redefined
the angle 6 to be the glancing angle or angle of diffraction giving Bragg’s law as

it is known today;

nA = 2dsinf (1.1)

1.1. Historical Background (X-rays and the Laue method)
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where n represents the “order” of the reflection. Bragg subsequently went on
to use monochromatic X-rays due to perceived limitations of the Laue method.
Experimentally the limitation was the weakness of the available X-ray source. In
particular characteristic monochromatic radiation was over four orders of magni-
tude higher in intensity than the polychromatic Bremsstrahlung radiation. Three
other problems also limited the Laue method; multiplicity or overlapping orders,

wavelength normalisation, and the lack of absolute cell parameters.

When the polychromatic beam is incident on the crystal (Apin < A < Amaz)s
each reflecting plane, described by the Miller indices hkl extracts from the white
beam that particular component that satisfies Bragg’s law. If two particular
wavelengths A and %, are both present in the incident band pass, they will give
rise to diffraction by the planes dj; and dopor at exactly the same angle.
The resulting spot is therefore a superposition of these two reflections (termed
a doublet). This problem can also occur for more than two such interrelated
reflecting planes and wavelengths leading to triplets, quadruplets and higher order

multiplets. In W.L. Bragg’s own words*’;

X-ray analysis started with the Laue photograph. It is too hard to
attach a quantative significance to the intensity of the spots which are
due to the superposition of diffracted beams of several orders selected

from a range of white radiation.

This then is the so called multiplicity problem (see also Amords, Buerger &
Amorés (1975)).8 The wavelength normalisation problem can also be described

in Bragg’s own words’;

1.1. Historical Background (X-rays and the Laue method)
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The deduction of the crystal structure from the appearance of the
Laue photographs is a complicated process because the intensities
of the spots do not depend on structure alone. They depend also
upon the strength of the components in the continuous range of the
original beam to which they are respectively due, and each spot may
be composed of several orders superimposed. They are also influenced
by the different blackening effect of radiation of different wavelengths
and complications arise here owing to the absorption of X-rays by the

silver and bromine in the photographic plate.

The Laue method was, in essence, revived on the utilisation of synchrotron radi-
ation sources where its full advantage could be exploited, namely the rapid speed
of data collection over monochromatic methods due to full use of the available
continuous bandpass. Indeed the synchrotron emission (universal curve, see fig-
ure 1.2) is obviously quite distinct from the case of X-ray tube emission, referred
to earlier (of a few emission lines superimposed on a weak continuous ‘back-
ground’ spectrum). However the introduction of undulators as insertion devices
for quasi monochromatic synchrotron radiation production reopens the question

of which type of source to use.

1.2 Synchrotron Radiation

Synchrotron radiation came about as a nuisance by-product from particle accel-

erators developed for high energy physics experiments. It was a nuisance in that

1.2. Synchrotron Radiation
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this was the primary energy loss (electricity cost) of going to ever higher ener-
gies. Fortunately, for a great many areas of science, the usefulness of synchrotron
radiation was speedily recognised and the first dedicated synchrotron radiation

sources (eg. the Daresbury Synchrotron Radiation Source (SRS) (1981)) were

born.

A synchrotron accelerates -of-charged particles to relativistic velocities, with the
particles confined within a closed orbit by the use of magnets. The particles
(electrons or positrons) emit photons tangentially along their path. Because the
speed of the particles is close to that of light, relativistic effects produce extreme

collimation, which gives synchrotron radiation some of its useful properties.!

The properties of synchrotron radiation which make it a useful experimental tool

for X-ray crystallography are;

High flux, brightness and brilliance

Tunable over a wide wavelength range

Defined Time Structure

Calculable spectra

Polarized

Flux, brightness and brilliance are related. Flux (integrated over the vertical
opening angle) is defined as the number of photons per second per mrad hor-
izontal per 0.1 % relative bandwidth (6A/)); brightness as flux per unit solid
angle; brilliance, in the Furopean definition,”® as brightness per unit source area.

Synchrotron X-radiation has intrinsically a high brilliance; in the most optimal

1.2. Synchrotron Radiation
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use of the ESRF undulator, 20 mm gap, 6 GeV and 100 mA, the brilliance is

greater than 10'® photons per second per mm? per mrad? over 0.1 % bandwidth

(BA/N).

A synchrotron has a spectral distribution of photons as illustrated in figure 1.2.
As can be seen there are no characteristic peaks in the spectrum but is a con-
tinuous curve which is known as the universal curve because it is applicable to
all synchrotron radiation sources (with the exception of undulators). Insertion
devices within the synchrotron storage ring can be used to ‘tailor’ the spectrum,;
wigglers shift the universal curve towards shorter wavelengths and undulators al-
low the synchrotron radiation to undergo constructive interference causing peaks
in the universal curve spectrum. These undulator peaks are tunable in wavelength

by altering the magnetic field (gap) in the insertion device.

The synchrotron radiation beam is produced in bursts corresponding to the
groups of bunched electrons in the storage ring. The circumference length of the
machine can accommodate a certain maximum number of bunches, the harmonic
number. This mode of operation is known as “multibunch”. Moffat, Bilder-
back and Schildkamp%® have suggested that single bunch mode can be used for

time-resolved experiments!6®

with the exposures being taken with a time scale of
one orbit of the ring. The time resolution is then the bunch width (eg. 50 psec
at the ESRF). A remarkably beautiful advantage of such a machine. Prelimi-
nary experiments to investigate this have been carried out with Laue X-ray data

being collected with time resolutions of 120 psec (at the Cornell High Energy
Synchrotron Source (CHESS))?*2 and now 50 psec at ESRF?5¢ on beamline 3.

1.2. Synchrotron Radiation
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Figure 1.2: Universal spectral distribution of synchrotron radiation, from Helli-
well, 1992,1%6 where )\, is the critical wavelength of the source

1.3 Previous Laue Work

The Laue method has been used to investigate many structures. Tables 1.1
and 1.2 summarise the development and results of the method with small molecules
and biological macromolecules respectively. Initial work involved small molecules
with sealed tube sources and X-ray sensitive film as the detector. The use of the
Laue method with protein crystals has had to use synchrotron radiation due to

the weak scattering nature of the crystals.

With macromolecule work considerable interest, and criticism, has been shown
in the data completeness. Overall completeness between din — 2dmin, dmin — 00

and 2d,, — oo are tabulated.

1.3. Previous Laue Work
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Chapter 2

Laue Theory and Practice

2.1 Introduction

This chapter describes the theory of Laue diffraction and the practice of how
the problems, outlined in chapter 1, have been tackled. In essence the accuracy
of the Laue technique is affected by a number of different possible sources of
error. The main differences from monochromatic conditions that arise with Laue
geometry are the dense population of reflections, the reduced signal to noise
ratio due to the wider bandwidth (than monochromatic) of incident radiation,
imperfect corrections for wavelength dependent effects and influence of crystal
mosaicity (or perfection) on spot sizes. The acceptability of electron density
maps calculated on the basis of Laue structure amplitudes is potentially further
affected, unless particular care is exercised, by a systematic lack of completeness
in the low resolution area of the data set. These problems are addressed in this

chapter so as to define, in a pragmatic way, a compromise between speed of data

acquisition and map quality.
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The Laue method has two major advantages over monochromatic data collec-

tion 26, 114, 129, 169, 194, 253 These are:
. H

e Optimal harnessing of the intrinsic polychromatic nature of the synchrotron
radiation emission to increase the flux intercepted by the (stationary) crys-

tal.

e Direct production of integrated intensities with a stationary crystal ie. with-
out the need to rotate the crystal over time, a fundamental requirement of

monochromatic beam methods - excluding the convergent beam method.?%”

Much reduced exposure time over monochromatic methods result because of the
use of the polychromatic beam. Many reciprocal lattice points are stimulated
at once allowing the simultaneous recording of many reflections. The use of a
stationary crystal also allows complete reflections to be recorded and removes
problems with partials and crystal or beam decay during oscillation. These ad-
vantages make Laue techniques suited to rapid and time-resolved data collec-
tion.!13 127, 167, 197 The method is only limited by the detector and the amount of
photons that can be “instantaneously” applied to the crystal for a given exposure
time.%® Indeed it has been possible to produce a quantitative analysis of Laue
patterns recorded in 120 ps.?*? From the outset of protein crystallography with
synchrotron radiation sources dynamic possibilities have been a potential'® as a
natural extension of the earliest example of the use of synchrotron radiation in
biological diffraction (from muscle fibres).20! It is a very exciting but technically
very challenging exercise which can lead to the direct visualization of a biological

macromolecule as it functions.

2.1. Introduction
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2.2 Reciprocal Space Sampling: Energy Over-

lap and Wavelength Bandpass

In the Laue case the volume of reciprocal lattice that can be sampled in one
image lies between Ewald spheres of radii 1/Anae and 1/Apin, where Apq, and
Amin are the minimum and maximum incident wavelengths respectively, and the
resolution sphere of radius 1/dys,. This is illustrated in figure 2.1 adapted from
Cruickshank et al..%® The shaded area shows the accessible region. FEach Laue
reflection will arise from the reciprocal points in the accessible region of reciprocal
space. Reciprocal lattice points corresponding to the first and all higher orders
lying on a central line passing through the origin of reciprocal space and can
lead to a Laue spot being made up of several wavelength components. The
Laue spots suffering from wavelength or energy overlap are termed multiplets,
two wavelengths contributing to the spot give doublets, three, triplets etc. The
multiplet problem was considered fundamental and thus prevented the use of
the Laue method in quantitative crystal structure analysis. A full treatment of
the multiplicity distribution of reflections®® revealed that in the worst case of an
infinite incident wavelength range 72.8% of the reciprocal lattice points were in
fact stimulated by a single wavelength, 14.6% by two, 5.4% by three and 7.2%
by higher multiplets.

When a finite wavelength range is used these figures improve such that with
the widest wavelength range typically available experimentally (0.3< A < 2.6
A) the proportion of reciprocal lattice points stimulated by a single wavelength
exceeds 83%.5¢ Hence, the multiplicity problem caused by the relatively large

volume of reciprocal space sampled (as opposed to monochromatic methods) in

2.2. Reciprocal Space Sampling: Energy Overlap and Wavelength Bandpass
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one exposure is not as great a problem as had been initially thought. Until fairly
recently, in modern Laue data processing multiples were discarded from the data
set. Now however, continually improving and diverse computational techniques

have been developed allowing them to be readily deconvoluted into their separate

intensities,5t 117, 195

Accessible region of
reciprocal space

.
.
.
.
.
173, min '//
.
.
.

X-rays

Figure 2.1: Ewald representation of the region of accessible space (cross-hatched)
with the Laue method

An ideal wavelength range can be chosen by consideration of the signal to noise

ratio.?®* The number of stimulated reflections is given by!%;

H

T d*4
NL = %()\mam - /\mm) (21)
where d* is the limiting resolution of the crystal (assuming d* < 2/A\pqe) and
V* is the volume of the reciprocal unit cell. Longer wavelengths will produce a

larger number of reflections though greater absorption and crystal damage will

2.2. Reciprocal Space Sampling: Energy Overlap and Wavelength Bandpass

|
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result. Specimen absorption varies as A and somewhat lessens the effect of re-
duced scattering (\* dependent) at shorter wavelengths.!! Systematic errors in
data owing to absorption become increasingly severe at longer wavelengths. An
operational upper limit to the wavelength before these errors become unmanage-
able has been suggested by Sweet et al.,8! as 1.5-1.6 A. A practical example of
the choice of wavelength range is given in Campbell et al.®® where wavelength
band pass of 0.5-2.2 A was used for data collection with a band pass of 0.49-1.60
A for processing. Reflections stimulated at shorter wavelengths are both weakly
scattered and detected while spots stimulated at longer wavelengths also become

weak due to absorption.

2.3 Spatial Overlap

The Laue diffraction spots themselves are of a finite size dependent on several
factors such as crystal mosaic spread, beam divergence and collimator size.® A
large number of spots are recorded, the minimum required separation between
their centres for spot integration is determined by the finite size of the spots,
crystal to detector distance, resolution of the crystal, wavelength range used
and dimensions of the unit cell. Obviously for higher resolution and/or longer
wavelength ranges more reciprocal lattice points are stimulated resulting in more
spots. The closest spots tend to be at the high resolution limit of the data.®”
Decreasing the wavelength range and increasing the crystal to detector distance
reduce the spatial overlap problem. New strategies using a ‘toast-rack’ form
of detectord?> 125 249 help alleviate this problem. In the Laue pattern there is a

correlation of stimulating radiation wavelength with Bragg angle. The densest

2.3. Spatial Overlap
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parts of the pattern®” occur at the Bragg angle of 0y = sin~! (Amin/2dmin). By
placing several films parallel to one another spaced some distance apart, the dense
short wavelength parts of the pattern can penetrate to the rear of the film and
so expand to fill the available area. Advances in producing more perfect crystals,
chapter 8, will allow much larger crystal to detector distances to become feasible

and reduce spatial overlap problems.

2.4 The “Low Resolution Hole”

At high resolution the completeness distribution for Laue and monochromatic
structure factors are found to be similar but at lower resolution the Laue data
are substantially less complete,'® % a “low resolution hole”%? occurs in the data.
The volume of reciprocal space sampled in a Laue exposure narrows to a cusp
toward the origin (see figure 2.1) ie. towards lowest resolution. Between exposures
the crystal is rotated by an angle interval A¢ round the spindle axis. This angle
will always be larger than the opening angle of the cusp which is effectively zero.
Therefore, at the lowest resolutions, a proportion of reciprocal lattice points can
not even come into the diffraction position at all. The resolution to which the

reciprocal space is sampled incompletely, dy;, is given by?46;

)\mi'n, 1 + %
Aoy = f’“ (2.2)
where
L= sin(A¢) (2.3)

(%\ﬁ) — cos(A¢)

2.4. The “Low Resolution Hole”
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By decreasing A¢, the difference in spindle angle between exposures, dy; can
be increased, increasing the bandpass also increases dg;. Obviously to stimulate
the unique region of reciprocal space a certain total angular coverage is required.
To improve the completeness means that more exposures are needed within this

overall angular coverage.

Low resolution diffraction spots are of higher average intensity than high resolu-
tion reflections. Exposure times are usually chosen to achieve as high a resolution
for the dataset as possible. Therefore a significant proportion of the low resolu-
tion reflections may saturate the detector, especially with a detector of limited

dynamic range. This can exacerbate the low resolution hole.

The lack of low resolution data can have several effects. Firstly, on the struc-
tural solution, atoms with high temperature factors may escape detection alto-
gether with such truncated data. Secondly, electron density maps can become
increasingly fragmented.'® 8 Thirdly, partial data sets can cause problems in
the interpretation of isomorphous difference Patterson maps.!'® Simply put poor
completeness can plague the X-ray analysis. The use of too few exposures and

too poor overall coverage will exacerbate things.

2.5 Wavelength Normalisation

Several factors affect the intensity of the measured Laue diffraction spot;
e The incident intensity of the synchrotron radiation spectrum.

e Long wavelengths are attenuated as the beam passes through beamline

windows, air gaps etc.

2.5. Wavelength Normalisation
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Sample absorption from crystal and capillary (if used).

Short wavelengths are cut off by reflecting mirrors, if used.

Detector response is wavelength dependent.

There is a factor of A* in the formula for integrated intensity

To correct for these factors wavelength normalisation can be achieved by the use

of a wavelength normalisation curve f(A) defined as;

f()‘) = (ILaue/Imono) (24)

where I7q,. 1s the intensity of a reflection measured at a specific wavelength, A,
and Ione, the relative intensity it would have if all reflection intensities were
measured at one wavelength. The normalisation curve can however be found
internally from the Laue data alone since the same reflection or symmetry equiv-
alents are usually measured several times. These symmetry equivalents should
have the same final intensity, in the absence of anomalous scattering, after wave-
length normalisation. Hence it is possible in fact to put all the Laue data onto the
same relative scale of intensity. Alternatively f(A) may be determined by com-
paring the Laue intensities with intensities measured by monochromatic methods
for another crystal of the same substance. This normalization curve is applied to
the collected intensities ‘normalizing’ to one wavelength for subsequent structure
refinement. In this thesis some novel features are illustrated with the processing
of image plate (rather than film) Laue data (chapter 3) and of European Syn-

chrotron Radiation facility (ESRF) Laue data (shift of peak output to shorter

wavelengths).

2.5. Wavelength Normalisation
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2.6 Multiple Deconvolution

Methods for the deconvolution of the separate intensities of the components of
multiples have been developed.5! 1172589 The first method was dependent on the
difference in energy absorption of a media for different wavelengths.?®® With X-
ray sensitive film as a detector several films are usually used back to back in a
film pack with the option of Al or foils or blank film as a separator between films.
By analysing the intensity of a multiplet spot recorded on successive films the
separate intensities of the individual reflections making up the multiplet can be
evaluated by a least squares procedure. The procedure, it was found in practice,
can be used for multiplets up to triplets but the accumulation of errors means
that it cannot be extended beyond this.?®® The method is extendable to image
plates in that it was shown that two image plates can be used placed one behind

the other, in an analogous manner to the film packs.?

A second method is based on the same principles and assumptions as “direct
methods” for phase determination.'” 206 Tt is similar to the formula for extract-
ing the relative contributions of overlapping reflections in powder diffraction®

but has only been applied to small molecule Laue data at present.!'?

The method tested and applied further in this thesis is that of deconvolution
using the wavelength normalization curve (section 2.5) with image plate data.
This method is best illustrated by reference to figure 2.2. A doublet is shown
in two different orientations using the Ewald sphere representation in reciprocal

space.

In the first orientation the two components of the doublet arise from wavelengths

2.6. Multiple Deconvolution
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X-rays

1/M

max

/A

min

X-rays

1/2
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(b)

Figure 2.2: Example of the diffraction geometry for a Laue doublet for two differ-
ent crystal orientations (a) and (b). For each case the Ewald spheres are shown
for the two wavelength components of the double Ayq, Ag, in the first orientation

and Ay, Agp in the second. The spheres marking the soft limits, Apin, Amaz and
yin are also shown.

2.6. Multiple Deconvolution
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A and Mg, where Ay, = 2),. Similarly in the second orientation two components
of the doublet arise from wavelengths Ay, and Ag,. Wavelength normalisation
factors f(\) can be determined from singles data for each of the four wavelengths.
If I; and I are the normalized reflection intensity components of the double (ie.
the desired values) and Ips(0) and Iopep) the integrated intensities of the doublet

spots then the following equations can be solved,;

f(Ala)Il + f()\2a,)—[2 = Iobs(a.) (25)

SO+ f(Aap) T2 = Topsr) (2.6)

and the intensities of the component evaluated given there are two equations and
two unknowns, provided f(A) is available. In general for an n component multiple

spot at (m > n) orientations we have;

2 F Ly = Loy (G=1,2,...m) (2.7)

=1

In this way, to some extent (ie. up-to a certain multiplicity n and a certain
statistical quality), intensities of multiples can be evaluated and used in the

structure refinement.

2.7 Correction for f' and f” variation

The scattering factors of atoms can change significantly over a wavelength range

2.7. Correction for f' and f" variation
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due to anomalous scattering. This anomalous scattering has a phase change effect
on the scattering factor for an atom. The scattering factor for the atom becomes

‘complex’ and f is given by;

f= T+ (A +if"(N) (2.8)

where f'()\) and if"()\) vary with the wavelength of the incident radiation. This
has to be taken into account with Laue data, which is obviously a polychromatic

method.

2.8 Crystal Perfection

The Laue technique is more sensitive than monochromatic techniques to crystal
disorder.’®* Crystal disorder is, in general, highest in protein crystals, charac-
terised by a high solvent content (c.a. 30-80%)' and only few intermolecular
contacts. Their internal ordering cannot therefore be expected to be perfect. In
fact some protein crystals display very small angular rocking widths (eg. 0.0156°
for 2-Zn insulin®) whereas other small molecule crystals have a high mosaicity
(eg. 2-3° for a small (18 x 8 x 175um?) silicate crystal).!? In the case of a perfect
crystal all unit cells (10 or so) would be perfectly aligned without any repetition
errors. In such a case the angular rocking width (ie. the angle by which the crys-
tal is rotated to fully record a diffraction spot) could be given by nuu = (a/L)
where @ is the relevant unit cell edge and L either the length of the crystal or

the extinction length, whichever is smaller (see chapter 10). Figure 2.3 shows an

typical example with a cell edge of 50A and crystal length of 0.5 mm.

2.8. Crystal Perfection

1
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) __-»"/ -5
fa \‘ng_..——— M= (a/L)=10" rad
(eg 50 A)
L

6 o
(eg0.5mm=5x10 A)

Figure 2.3: Explanation of mosaicity, 7au, of a crystal from Snell et al. (1995)%%*

In general, neither a or L are isotropic so it follows that . is, in the limit,
anisotropic. A mosaic crystal is assumed to consist of blocks of perfect crystals
which are misaligned to each other,®® figure 2.4. Evidence for the mosaic block
construction of a crystal has been indicated from high resolution diffractometer
studies of tetragonal lysozyme crystals®®! and seen in X-ray topographs of the

similar crystals (see chapter 10).228

The mosaic spread is then 4/n2,, + n? where 7 is the overall misalignment angles
of the blocks of the sample. This is a good indication of crystal quality. Obviously

reducing mosaic spread could be expected to produce improved crystals for X-ray

data collection.

2.8. Crystal Perfection
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Figure 2.4: Schematic diagram of an ideally imperfect “mosaic” crystal, each
bounded “mosaic” block can be considered as a perfect crystal. Several such
blocks make up the crystal. From Snell ef al. (1995)21

2.8. Crystal Perfection



Chapter 3

Image Plate Small Crystal Study

3.1 Introduction

Image plates® "> % 104 have had an important impact in X-ray crystallographic
data collection both at the synchrotron and in the home laboratory. Also the
advantageous speed of acquisition of area detector data in chemical crystallog-
raphy, compared with diffractometry, can be critical. For example the number
of reflections to be measured may be large whether due to a larger than average
unit cell, a low symmetry space group or an interest in very high resolution data.
Alternatively, a sample may be air sensitive and again speed of data collection

may be critical.

The easeﬁaélmllection at the synchrotron ~especially—on-time-faetors; can ben-
efit from the use of a large versatile area detector like the image plate. Although
photographic film has been used effectively in a number of synchrotron studies
of small molecules (examples from the Laue method are shown in table 1.1) the
use of film with smaller and smaller crystals is ultimately beset by the problem

of very small or very narrow (streaked) spots for which the pixel sampling of the
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spot is too poor and/or the Wooster effect?®% 255 ig a limitation. One aspect of
this chapter is to show that image plates can readily be used with a small test
crystal (0.02 x 0.05 x 0.25 mm?®) to provide data with good pixel sampling of
the diffraction spots good enough for structure determination and refinement in
contrast to the problems encountered with small spots and film as the detector.
As the test case the crystal structure of a nickel containing aluminophosphate,
whose structure has been solved using CuKa and MoKa monochromatic diffrac-

tometry,'®! is determined with the image plate data.

3.2 Image Plate and Film as Area Detectors

Image Plates

Image plates have advantages over photographic films which include wider dy-
namic range (1:10%) (less chemical fog ie. noise), higher detector quantum ef-
ficiency, reduced exposure time (more sensitive) and large size. The detector
quantum efficiency* of an image plate is better then 80% for 8-20 keV X-rays.®
The plate consists of an amorphous layer (150 pm thick) of Barium-Europium
halides (BaFBr:Eu?*) with a protective layer (10 um thick) and a support layer
(250 pm thick) . Irradiation with X-rays creates so called colour or F centres
which are meta-stable states of the trapped electrons in the phosphor. An ex-
citation energy of 6 eV is required to create a colour centre. The phosphor has

high absorption efficiency for X-rays and extremely low background (although

*Detector quantum efficiency, DQEFE, defined by DQFE = (S/N)ou/(S/N)in where
S is signal and IV is noise.

3.2. Image Plate and Film as Area Detectors
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not zero), 1/300 that of film'® chemical fog. In addition there is no instanta-
neous count rate limitation and hence the image plate can make full use of the
high flux of the synchrotron source. Upon absorption of a 2 eV photon of red
He-Ne laser light (used to ‘read’ the image) the meta-stable electron returns to
its ground state with subsequent emission of blue light. The intensity of this blue
stimulated luminescence is proportional to the number of absorbed X-rays. A
commonely available image plate reader at synchrotron radiation sources is the
MAR system. Its performance will be described as an example. The imaging
plate is circular (180 mm in diameter) and its readout time is 70 seconds with
an additional 20 seconds for erasure. The plate is read by rotating it under laser
illumination with a photomultiplier scanning across the plate. In order to ensure
that the readout time per pixel is constant over the circular plate the rotational
speed is changed in proportion to the inverse radius of the scanner position to
the centre of the plate. The number of pixels is proportional to the radius at any
point. Due to the scan along a spiral curve the diffraction pattern is recorded in
polar coordinates (R,8), these are transformed into Cartesian (x,y) coordinates
for further analysis and display. Uniformity response varies less than 1.6% over
the active area and results are reproducible over a long period of repeated use
unlike the processing of films which are each affected by slight changes in devel-
opment conditions. Image plates still have a long readout time, of the order of
minutes, and, for weak data have a lower signal to noise level than other detectors

eg. multiwire gas proportional counters!®? and CCDs.

3.2. Image Plate and Film as Area Detectors
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X-ray sensitive photographic film

Film has been commonly used as a X-ray detector. For X-ray photon energies
greater than about 2KeV a single photon suffices to render a grain of the emulsion
developable. The background density level (of developed grains) on photographic
film amounts to 1000 X-ray photons compared to less than 3 per pixel per equiv-
alent area for the image plate.” This background density represents the optical
density for an un-exposed film developed in the standard way and includes contri-
butions from the film base and emulsion chemical fog.®” A high film background
does not in itself reduce the accuracy of measurements but, since all density mea-
surements are made superimposed upon this background, the dynamic range of
a single piece of film is reduced. The detector quantum efficiency performance of
film is affected in two ways. Firstly, incident quanta striking grains which have
already been activated are wasted. Secondly, input photon noise is effectively
amplified by the chemical fog, and, the fogged grains also contribute an additive

noise to the signal.

The penetrating power of X-rays is such that it is practicable to use film bases
which are coated with emulsion on both sides. Film has a very high spatial
resolution, 12.5-25 pm (compared to image plate of 150 pm), but a low dynamic
range. The dynamic range is determined by the differences in grey level that can
be distinguished and the chemical fog due to developing. To extend the dynamic
range several films can be used together in a film pack because the absorption
efficiency of film for X-rays in the wavelength range between 0.6 and 1.8 A lies
between 20% and 70%. Photographic film contains silver bromide grains and

therefore the absorption efficiency jumps at each absorption edge (0.92 A Br K

3.2. Image Plate and Film as Area Detectors
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edge, 0.49 A Ag K edge). Data cannot be processed at wavelengths close to these

absorption edges and has to be rejected.

Films are scanned with an optical densitometer, this has a resolution of 1 part in
256 repeatable grey level. The density is recorded by the microdesitometer via
measuring the transmitted light through the film. It is related to the incident

light intensity, I,, and transmitted light intensity, I, by 255;

D =log <-€7°> (3.1)

The X-ray intensity (density on the film) is therefore related in a logaithmic
way to the intensity of the light transmitted through the film. Several important
factors have to be considered when recording with film. This logarithmic variation
causes the observed density to be too small in cases where the diffraction spot is
small or streaked compared to the area scanned.?®® 2% This type of error, termed
the Wooster effect, becomes worse as the diameter of the spots diminishes. X-
ray films have relatively large grains of silver which are clearly visible with a
microscope. The result of examining a small area is that the number of grains in
the field of view varies considerably over an area that has been uniformly exposed
to X-rays. What is gained in resolution in narrowing down the area examined
is lost in reproducibility. For this reason, although films can be scanned with a
12.5 pm scan step, 50 pm is chosen to smooth out such variations. Hence to get

both reproducibility and avoid Wooster effects with film decent sized spots are

needed.

3.2. Image Plate and Film as Area Detectors
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3.3 Nickel Aluminophosphate Small ‘Test’ Crys-

tal

The Nickel Aluminophosphate (NiAPO) ‘test’ crystal used had dimensions of
0.02 x 0.05 x 0.25 mm? (ie. needle shaped). The crystal itself was bright blue in
colour and elongated along the [010] axis for data collection. It was supplied and
mounted by Prof. V. Kaucic from the National Institute of Chemistry, Ljubl-
jana, on to a thin glass fibre. Crystallization of NIAPO was carried out in a
teflon lined autoclave under static conditions at 443K over 4 days.!'®' The reac-
tion gel used had the composition 0.4NiO:0.8Al503:1.0P3035:1.5en:50H,O where
en—=ethylenediamine. The source of the nickel was nickel acetate and the source of
the aluminium was aluminium isopropoxide. The chemical formula for NiAPO is
NiAlzP40,8C,H,1N, with a molecular weight of 676.77 and density of 2.06 gem™3.
Four molecules are present in the unit cell, monoclinic space group P2;/n. Cell
parameters are a=10.02 A, b=15.728(6) A, c=14.134(6)A and B=101.313(14)°
with a volume of 2184.16 A%,

3.4 Data Collection

Station 9.5%% 15 235 of the Synchrotron Radiation Source (SRS) at the Daresbury
Laboratory was used for data collection. The SRS was operating at 2 GeV with
a current of 195 mA and wiggler at 5 T. A Mar Research Image Plate Scanner,
diameter 180 mm was used as the detector, figure 3.1. Twenty images were
recorded at 10° intervals each with an exposure time of 0.3 seconds. An example

is shown in figure 3.2(a).

3.3. Nickel Aluminophosphate Small “Test’ Crystal
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Figure 3.1: MAR image plate used for data collection on station 9.5 of the SRS

3.4. Data Collection
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Indexing the Pattern

(a) ' (b)

Figure 3.2: NiAPO Laue data recorded on (a) image plate and (b) film at crystal
to detector distances of 141 mm and 61 mm respectively. The effective aperture
of the image plate is 32° and the film 44° so more of the diffraction pattern is
seen recorded on the film. The image plate could not be moved any closer due
to physical constraints.

The image plate has a duty-cycle of 2| minutes (ie. for scanning the image plate,
writing the digitised image to disk and erasing the image plate). Hence the overall
data collection time was dominated by this (compared to the crystal exposure
time). The total elapsed time for the whole data collection was less than one
hour. The illuminating white beam spectral range was 0.4 < A< 2.0 A. Crystal
to detector distance used was 141 mm. A 0.2 mm thick piece of aluminium
foil was inserted into the upstream end of the collimator so as to reduce the
X-ray background for attenuation of the longer wavelengths in the incident X-
ray spectrum. To compare the image plate with X-ray sensitive film a single
film exposure was also taken with an exposure time of 10 seconds, figure 3.2(b).

The film was scanned by a Joyce-Loebl Ltd. microdesitometer using a tungsten

3.4. Data Collection
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halide light source and 50 //m step size. Figure 3.3 shows the film plate holder

and camera on station 9.5 of the SRS.

Figure 3.3: Film holder and camera used on station 9.5 of the SRS

An example of the average spot profile from one ofthe NiAPO image plate images
is shown in figure 3.4(a). The pixel size is 150 //m square and it can be seen that
the spots are circular with a full width at half maximum (FWHM) of 350 fim (ie.
recorded over 3 pixels square). The spot image here is dominated by the image

plate point spread function.

For comparison figure 3.4(b) shows the average spot profile from a Laue photo-

graph with the crystal in the same orientation. The pixel size in this case is now

3.4. Data Collection
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Figure 3.4: Contour plot for the intensity of an average spot from (a) an image
plate exposure and (b) a photographic film exposure for identical crystal orien-
tation. The maximum value of 100% (arbitrarily chosen) for the peak is in the
centre with contour intervals of 10% from that. The coordinates refer to pixels,
for the image plate 150 jum2 and for the film 50 /xm2.

50 ii square. The spot is seen to be clearly streaked with a FWHM of 120 //m in
width and 350 iim in length. The length is determined primarily by the mosaic

spread of the sample.

Figure 3.4(b) then illustrates how the logarithmic sampling by a pixel of 50 //m
across a sharp spot of 20 /nn can be expected to lead to problems in intensity mea-
surement. In this chapter it is not sought to reprove the Wooster effect. Instead
it is sought to prove that with a crystal of this size good data can nevertheless

be obtained with an image plate.

Following data collection on the image plate two distinct steps are carried out,
calculation of intensities and translating these intensities into a structure, which

will be described.

3.4. Data Collection
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3.5 Image to Intensities

The process of analysing a recorded image and translating it to usable inten-
sities are described in this section and summarised in the flow chart shown in
figure 3.5. The Daresbury Laue software suite,'*® comprising of LAUEGEN, INT-
LAUE, LAUENORM and LAUESCALE, (suitably modified for the image plate digi-
tized image format) was used here for processing the NIAPO image plate data.
The orientation of the crystal and soft limits, Apmez, Amin and dpin, are deter-
mined. Refinement of the crystal missetting angles, detector position etc. are
carried out until convergence. The rms difference of the spots on the images from
the predicted positions are examined. At the final stage the cell parameters were
refined. All the parameters are then refined through an additional cycle. The

diffraction spots are then integrated. These steps are described in detail below.

Indexing the Pattern

Using cell parameters derived from monochromatic work and a collected image
displaying a large number of conics the program LAUEGEN produces a predicted
pattern corresponding to the image. Initially a prediction is made by use of
several nodal reflections (reflections at the intersection of two conics), a wider

than estimated wavelength band and a better than estimated resolution limit.

3.5. Image to Intensities




Chapter 3. Image Plate Small Crystal Study 80

Index

Pattern

Evaluate soft

limits

Refine

missetting
angles parameters

Refine cell

No No

Integrate to

Converges L .
Yes give intensities

Figure 3.5: Flowchart showing image to reflection intensity processing
Evaluating Soft Limits

The soft-limits Ajin, Amas and dpin, are evaluated by direct comparison with the
recorded image and use of an interactive display of the prediction with sliding
scales to alter the values of the soft limits. The values Amin, Amae 2nd dpin, Were

} found to be 0.36 A, 1.50 A and 0.95 A respectively.

Refine Missetting Angles

The resulting pattern prediction is then further optimised by refinement of the
crystal missetting angles, crystal to detector distance and the beam centre. Dis-

tortion of the detector is also taken into account with refinement options of twist,

3.5. Image to Intensities
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tilt, roff and toff. Twist and tilt are self-explanatory, roff and toff apply to the
MAR. image plate used in this case - they allow a radial and tangential offset
correction due to the radial scanning of the image plate. Refinement is continued
until the root mean square (rms) deviations of the predicted and observed spot

centre of gravity values converge.

Refinement in this way for the NiIAPO data produced rms deviations varying from
0.191 mm to 0.043 mm over the twenty images, illustrated with the top curve
in figure 3.6. This variation was clearly worrying and could not be explained by
misalignment of the crystal or inaccurate cell dimensions. The program LAUEGEN
allows the refinement of cell parameters in the final stages of the refinement. By
using this option and again carrying out the previous refinement with the updated
cell parameters the rms deviations were substantially improved. In particular
the unit cell parameters, b and ¢, (but with o fixed) were refined (see table 3.3,
page 92). The rms deviations, figure 3.6 (lower curve), varied between 0.026 and
0.104 mm. The three higher than average values are due to two or three spots
in the images concerned having individual high rms deviation which affected
the overall value. The rms deviation between the predicted and observed spot

positions was 0.031(6) mm calculated over all the images.

Once this refinement had been completed a series of data files containing the
spot spatial positions on the detector was produced which is used in the intensity

determination. There were no spatially overlapped spots for this size of unit cell.

3.5. Image to Intensities
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Figure 3.6: Root mean square deviations between predicted and observed pat-
terns using monochromatic cell parameters and refined cell parameters from Laue
data

Integrate Intensities

The program INTLAUE 128, 215 further refines the positional parameters of the spots
from the LAUEGEN stage as it works with a much larger number of spots than

at the LAUEGEN stage. It then determines an average spot profile and integrates

the intensity within the profile.110

3.6 Intensities to Structure

The process of producing the structure from intensities is described in this sec-
tion and summarised in figure 3.7. The intensities are normalised to a single

wavelength then several choices are made about how the data will be processed.

3.6. Intensities to Structure
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If multiples are to be used their positions must be predicted with LAUEGEN, in-
tegrated, deconvoluted and then scaled into the singles data. The use of f’ and
f" corrections (section 2.7) cannot be carried out with multiples as it requires
scaled data with wavelength information still intact. Multiple deconvolution (sec-
tion 2.6) evaluates the intensity of components but loses wavelength information.
Direct methods or the Patterson function are used to locate initial atom positions
followed by Fourier cycling to refine the structure to what is chemically realis-
tic. Once the structure refinement has reached convergence it is possible to use
the calculated structure to apply an absorption correction to the images. The
normalisation and refinement are then repeated. Finally a structure is produced.

These steps are described in detail below.

Normalising to a single A

The program LAUENORM was used to produce a wavelength normalisation for
all the images based on symmetry equivalent reflections measured at different
wavelengths as described in section 2.5. The wavelength normalisation curve
produced here is shown in figure 3.8 covering the wavelength range, (0.455 A-
1.180 A). The curve is continuous peaking at 0.822 A ie. no absorption edge
jumps were evident (unlike film). A total of 6089 measured singles reflections

were produced. Deconvolution of multiples resulted in 257 extra reflections.

3.6. Intensities to Structure
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Figure 3.7: Flowchart showing reflection intensities to crystal structure determi-

nation
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Figure 3.8: Wavelength normalisation curve produced from NiAPQ data

Scaling Data Together

A unique set of data was produced by the CCP4% programs ROTAVATA (used for
scaling all the images together) and AGROVATA (used for merging the data output
from LAUENORM into a set of unique reflections. For singles only the merging
R-factor (on I) was 10.6% for 6048 reflections (41 measurements rejected) giving
1896 unique reflections. The completeness of the data for co — dpin, 00 — 2dmin

and 2din — Amsn Was 67.6%, 55.7% and 68.8% respectively.

Patterson Search

The Patterson function!® 184 allows the collected intensity data to be converted

into a collection of inter-atomic vectors all taken to a common origin and the
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position of heavy atoms determined.2l

For the NiAPO molecule the expected approximate relative heights of typical

peaks in the Patterson map are;

Ni-Ni 28 x 28 784 N-N 7x 7 49
P-P 15x 15 225 C-C 6x6 36
Al-Al 13 x 13 169 H-H 1x1 1

0-0 8§ x 8 64

Hence the nickel present will stand out being over three times greater peak height

than the next highest peak. The Harker vectors,120 in this case, are:

Position 1 to 1 U= V= w =0

Position 2to 1 wu= | —2x v = Q. = -é -8z
u 2

Position 3 to 1 u —2x v=2y . =8

Position 4 to 1 U=2 = 5. 2y W=

The vector between any other positions is either identical to one of these or
is related by a two-fold axis or by a centre of symmetry at the origin. Every
Patterson map is centrosymmetric. The Patterson map calculated using sHELXL-
93,212,211 for both singles only and combined singles and multiplet data, shows

peaks at, among other positions:

Singles peak height Combined peak height
u=0.00 v=0.00 w=0.00 u=0.00 v=0.00 w=0.00
u=0.50 v=0.05 w=0.50 u=0.50 v=0.05 w=0.50

u=0.27 v=0.50 w=0.23 u=0.27 v=0.50 w=0.22

3.6. Intensities to Structure
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The highest peaks were selected as the nickel atom position.

Structure Refinement

Once the initial nickel position was found the rest of the structure was evaluated
by Difference Fourier methods with the use of SHELX-93.2'* The results section
describes the Ryactor’s (see page 46) achieved after refinement converged for

several combinations of techniques indicated in figure 3.7.

Correction for f' and f” variation

The program SHELX-93%'% allows correction to be made for the contribution of
f' and f" when the wavelength of the reflections are known (consequently this
cannot be applied to multiplet data). This may be necessary for establishment
of structural detail as well as achieving a reasonable Rjctor-'> The tabulated

values®® of f/ and f" were used but did not show improvement in the refinement

(tables 3.1 and 3.2).

Absorption Correction

In the refinement of the full structure (excluding H atoms) the thermal vibration
parameters of the atoms were low with a minority even being negative. This can
be caused by absorption effects reducing the measured intensity. An absorption
correction procedure had proved to be effective in such cases before!®” and was

applied here. The program SHELXL-93%° produced a set of 4, k, ! and F,q, from
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Multiples f f" correction Absorption Isotropic Anisotropic

used applied correction R factor R factor
No No No 11.68 8.81
No No Yes 8.82 7.90
No Yes No 12.70 10.70
No Yes Yes 10.37 9.75
Yes No - 18.74 16.34

Table 3.1: NiAPO R/ac<r (on F, see page 46 for definition) results for different
data treatments

the best isotropic refinement. LauvescaLe used these Fca/c values to apply an
absorption correction multiplication surface to the intensities from each image.
This surface is unique for each orientation of the crystal. An example is shown in
figure 3.9. From this a new set of &, k,/, F, aF and A are produced. The merging
R-factor (on 1) for LAUESCALE with 6472 singlet measurements (greater than
LAUENORMS’S 6089 measurements due to a different acceptance procedure) was
10.9% producing 1979 unique measurements. The completeness of the data for
00 —dmin, 00 —2dmin and 2dmin ~ dmin Was 70.6%, 56.5% and 72.0% respectively
(see page 85 for earlier values). It is not possible to accurately derive multiplets
from only one image using wavelength deconvolution so these cannot yet be used

when an absorption correction is applied.

3.7 Comparison of Data Processing Strategies

All possible combinations of treatment of the data described in this chapter are

now compared in tables 3.1 and 3.2.

3.7. Comparison of Data Processing Strategies
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 3.9: Absorption correction surface produced from one Laue image. Max-
imum correction applied is shown (100%) at the peak in the profile (shown as a
plateau in the centre) with contour levels at 2.5% from that. The axis labelling
is the relative positions on the recorded image

f'f" corrected Absorption f'f” correction Isotropic Anisotropic

initial data correction applied R factor R factor
No Yes Yes 10.28 9.65
Yes Yes Yes 10.37 9.75

Table 3.2: Effect of f'f" corrections applied after absorption correction to both
f f" initially corrected, and uncorrected data

3.7. Comparison of Data Processing Strategies
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The best result is achieved with application of an absorption correction but with-
out the use of multiples or taking into account f’ and f" variations (an Rfactor
(on I, see page 46) of 7.90% for all data (1934 unique reflections), 5.11% for
I > 30(I) (1397 unique reflections)). This had maximum and minimum differ-
ences in F, — F,, of 0.47 and -0.51 eA~® with a mean of 0 and rms deviation from
the mean of 0.11 eA~3. For isotropic refinement (with all data) the number of
parameters are 140 giving a data to parameter ratio of 13.8 and for anisotropic

refinement the number of parameters are 310 giving a data to parameter ratio of

6.2.

3.8 The N1APO Structure

The derived structure of NiAPO,?!? is shown in figure 3.10. Each nickel atom
is six coordinated to three oxygen and three nitrogen atoms (2 ethylene diamine
groups, one monodentate and the other bidentate) giving an octahedral form.
The structure contains three aluminium atoms arranged in tetrahedral form to
oxygen atoms. There are two water molecules, one connected to the nickel and

the other which is free and linked to the structure by hydrogen bonds.

Lists of the structure factors and anisotropic thermal parameters have been de-
posited with the IUCr (Reference HI0010). Copies may be obtained through
the Managing Editor, International Union of Crystallography, 5 Abbey Square,
Chester, CH1 2HU, England.

3.8. The NiAPO Structure
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Figure 3.10: The NiAPO molecular structure

3.8. The NiAPO Structure
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a(A) [(A) c(41 (39 V(A3)
CuKev  10.0209(8) 15.661(1) 14.091(8) 101.216(5) 2169.3
MoKo  10.03(2)  15.67(2)  14.142) 101.3(1) 2180
Laue 10.02 15.728(6) 14.134(6) 101.313(14) 2184.16

Table 3.3: NiAPO cell parameters for monochromatic and Laue data sets
3.9 Comparison with Monochromatic Studies

The refined structure obtained here agrees well with that derived from earlier
monochromatic studies13l using CuKo; and MoKa X-ray radiation. To illustrate
this, the average value of bond distances from this study is given with the estimate
from the earlier, monochromatic, study in brackets. The average Ni-0 bond
distance is 2.102 A (2.097 A) and Ni-N bond distance 2.097 A (2.111 A). The
P-0 bond linked to aluminium has a distance of 1.523 A (1.541 A) and the P-0

linked to nickel has a bond distance of 1.477 A (1.483 A) respectively.

The refined structures from the Laue and monochromatic were overlapped with
one another by a least squares determination of a rotation matrix and translation
vector. The rms deviation in A and maximum single atomic displacement (given
in brackets) for the LaueiCuKo;, Laue:MoKa and CuKcrMoKa cases (all atoms
with the exception of hydrogens) were 0.030 (0.074), 0.034 (0.095) and 0.027
(0.060) respectively. The thermal parameters can be compared by taking the ratio
“Laue"CuKa which has the value of 0.64. This can be compared with the value
"MoKa"CuKa of 0.86.131 The cell parameters determined with monochromatic

and Laue data are compared in table 3.3.

3.9. Comparison with Monochromatic Studies
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3.10 Future Work

A Multiple Image Laue Diffraction Technique

One of the striking aspects of small molecule data collection with the Laue method
is the percentage of un-stimulated pixels on the detector. A method to utilise the
un-stimulated area would be the use of one crystal but with multiple exposures
on the same image at different spindle axis settings. The data collection time
of this method, which I have termed Multiple Image Laue Diffraction (MILD),
is limited only by the exposure time and the time taken to rotate the crystal to
another orientation ie. it would be free of the duty cycle limitation of the image

plate scanners. Its principal disadvantage is the addition of more background.

By making use of the NIAPO Laue data described in this chapter a MILD image
has been simulated with a slightly modified version of the IPDISP program. The
program has been altered such that multiple images can be added to together
cumulatively instead of being pixel averaged. Figure 3.11 illustrates the large
amount of blank space on four images and the result of combining nine images

together is shown in figure 3.12.

Initial indexing can be carried out on the clearest set of nodal points using the
knowledge that conics on the same exposure intersect at nodal points. If there
are any problems with indexing then a separate single exposure image could be
taken before or after a complete MILD data collection and used for indexing in the
standard way. Once the index is found the image can be processed to produce
a second set of intensities. This can be continued for each spindle orientation

producing n separate data sets. It is possible to apply an absorption correction

3.10. Future Work
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(a) (b)

() (d)

Figure 3.11: Single images (a-d) from Laue diffraction data of NiAPO
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Figure 3.12: A simulated “MILD” image from 9 separate NiAPO Laue images.
Total exposure time is 9 x 0.3 seconds. On top of this time, in practise, the time
required to re-orient the crystal to different angular settings is needed.

3.10. Future Work
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to each separate data set as they are essentially individual images.

When images are merged in this way the background is considerably increased. In
this case data was collected with little regard to background (because the crystal
was strongly diffracting) so the simulation shown could be regarded as a worst
case since precautions could in future be taken to reduce background (helium
paths etc.). The idea of ‘MILD’ as a data collection method warrants further
development since, in fact, figure 3.12 looks relatively clean, and with few spatial

overlaps.

A Rotating Crystal Laue Method

If the crystal was continually rotating, a complete data set could be recorded in

a time, T', given by;

T = nt (3.2)

where n is the number of angular positions required and ¢ the exposure time
used ie. this has potential for very fast exposures, where now (compared with the

figure 3.12 legend) one is left only with summation of exposure times.

Rotating the crystal with a polychromatic incident X-ray beam has, in fact, been
the subject of a theoretical study'® as a method to monitor time dependent
changes on the time scale of synchrotron pulse widths. Initial discussion on this
method has involved its use in observing the same reflection a number of times

at slightly differing angular positions on the detector through a phase transition
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in the sample. Computer simulations were carried out with the crystal rotating
at 100000 rpm and exposures corresponding to the time scale of the synchrotron
pulse, each 177 ns. This method poses high physical forces on the crystal and

equipment and does not look likely to be realised at present.

However, here, by collecting images at different angular positions rather than

looking at the same reflection over a small time period, as in the previous theo-

146

retical study,**® synchrotron Laue data can be routinely collected from a rotating

crystal. Figure 3.10 shows a representation of the method.

Crystal to detector, r

Crysigtal Diffracted X-ray beam

Detector

Angular velocity, ®

Figure 3.13: Schematic representation of the rotating crystal method

In figure 3.10 the fraction of spatially overlapped spots in the data will be gov-
erned by the spread of the diffraction spot, to a streak of length s. The term
0 defines the angle through which the diffracted ray passes and r the crystal to

detector distance. The angular velocity is given by;

w=tan"! G—) /t (3.3)
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Therefore, the faster the rotation of the crystal then the shorter exposure time

used for a given acceptable streak.

An estimate for the rotational speed and exposure time can be made. For a
small molecule with a crystal to detector distance of 100 mm, exposure time of
100 msec and a spot streak length of 0.05 mm allowed then the angular velocity
of the crystal rotation would have to be no greater than 0.28 °s™!. A similar con-
sideration can be made for protein data with large crystal to detector distances,
eg. 2 m (to try and avoid spatial overlap problems) and the same conditions as
described for the small molecule case. The angular velocity required is then no
greater than 0.014 °s~! for data collection from a protein crystal. Shorter expo-
sure times would allow an increased rotational speed of the crystal. The angular
velocity in both cases, protein and small molecule, is easily achieved with current

systems.

3.11 Summary

With film, the measured intensities of spots can be underestimated where the
diffraction spot is too small compared to the area scanned. This is not the
case for the image plate where there is no Wooster effect. The use of the on-
line image plate has proved to be very effective for the synchrotron Laue data
collection and subsequent structural solution from a small (0.02 x 0.05 x 0.25
mm?®) test crystal. Moreover, data collection took place in less than one hour
(although processing took much longer !) and produced results comparable in
quality to monochromatic methods. The image plate offers rapid ‘readout’ times

compared to film and now CCD’s offer an improvement in terms of readout time

3.11. Summary
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to image plates.

The MILD data scheme proposed in section 3.10 presents a possible very rapid
means of obtaining a complete Laue data set for a small molecule making good use
of the typical dead space on the detector (the un-stimulated regions as evidenced
in figures 3.11). The rapid speed of data collection, especially with a rotating
crystal and short exposure time, should reduce scaling problems between images
due to intensity fluctuations etc. There will be an increased problem with back-
ground but this can be reduced to some extent by careful experimental design,
good alignment of the beam stop and the use of helium paths. The method has
not been assessed with macromolecules because of the high density of diffraction
spots and the real possibility of spot overlap with two or more exposures on the
same image. However with high perfection crystals, large detectors and large

crystal to detector distances the method becomes feasible.

For the protein case, the spinning crystal technique has further application in
time resolved work allowing a range of images to be recorded quickly with a
suitable fast read out detector. The spinning crystal method may well have
useful applications in time-resolved Laue crystallography as a rapid means for
collecting several images at different orientations so as to provide as complete a

data set as possible in a usefully short time.

3.11. Summary




Chapter 4

A Protein Study - Filling the “Low

Resolution Hole” in Laue Data

4.1 Introduction

The low resolution hole can present problems of contrast in the electron density
maps as has been discussed in section 2.4. By exploiting the speed of modern X-
ray detectors small angular steps can be used to record a high completeness data
set. The application of multiple deconvolution procedures can also help in filling
the low resolution hole. The aim of this chapter is to explore the completeness
that can be attained from small angular step data collection as a strategy and

the consequent effect on the electron density maps. For this work lysozyme is

used as a readily available, well studied, easily crystallizable test case.

100
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4.2 Lysozyme

Lysozyme was discovered on November 21st 1921 by Alexander Fleming, a bac-
teriologist living in London. Fleming, having a cold and not being one to miss
an experimental opportunity, diluted some of his own nasal mucus with saline,
centrifuged it and then placed it on several streak cultures. Where the mucus
had been placed there was no growth on the culture plate. To examine if this
lytic activity (lysis in the sense of dissolution of cells or bacteria) was common
in mucus, Fleming tested samples from many other people and found activity
in them all. He also tested other fluids related to the mucus ie. tears, saliva,
sputum, blood serum, plasma, peritoneal and pleural fluid. All showed the lytic
activity. Widening the search further, on 12th January 1922, he found that egg
white was a rich source of this lytic substance. Fleming’s research was carried
out in Almroth Wright’s group at St Marys Hospital, London. It was to Wright

he took his results in the form of a manuscript for publication.

Lysozyme functions by dissolving the walls of certain bacteria by cleaving the
polysaccharide component of the cell wall. The cell wall polysaccharide is made
up of two kinds of sugars, N-acetylgucosamine (NAG) and N-acetylmuramate
(NAM). In bacterial cell walls NAM and NAG are joined by glycosidic linkages
between C-1 of one sugar and C-4 of the other. All of the glycosidic bonds of
the cell wall polysaccharide have the oxygen below the plane of the sugar (8
configuration). NAM and NAG alternate in sequence joined by S(1-4) glycosidic
linkages to form the polysaccharide cell wall. Lysozyme hydrolises the glycosidic
bond between C1 of NAM and C4 of NAG but not the C1 of NAG or C4 of NAM

bond. The cell wall, now cleaved, loses its function of mechanical support and

4.2. Lysozyme
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the bacterial cell bursts.

The complete primary sequence of lysozyme was determined by protein and-DNA

0 The three dimensional structure was determined in 1962 at 6

sequencing.!*
A resolution and later, in 1965, at 2 A resolution by Phillips et al.2%30 The
space group of tetragonal lysozyme is P432,2 with one protein molecule in the

asymmetric unit. The molecule is roughly elliposoidal in shape with dimensions

of about 45 x 30 x 30 A.

A deep crevice or cleft containing the active site divides the molecule into two
domains,?*? one is almost entirely comprised of a 3 sheet structure encompassing
residues 40 to 85. The other domain is comprised of the N and C terminal
segments, residues 1 to 39 and 101 to 129, is more helical in nature. Three runs
of « helices occur in this domain, residues 5 to 15, and 24 to 34. The two domains
are linked by an « helix, residues 88 to 99. These are illustrated in figure 4.1

showing a ribbon'®® with the « helix in red and 3 sheet in green.

4.3 Crystallisation

The lysozyme crystals used for this study were, in fact, crystallized on Spacehab-
1248, 130, 221 fown by the STS-57 NASA Space Shuttle mission. Crystallization was
carried out by the dialysis method with 15.8 mg of lysozyme (3 x crystallized,
dialysed and lyophilized powder of chicken egg white lysozyme) dissolved in 188
pl 0.4 M acetate buffer (pH 4.7) and a precipitant of 1.350 M NaCl solution.
Crystallization was carried out under microgravity conditions and at a constant

temperature of 20 & 0.1°C.

4.3. Crystallisation
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Figure 4.1: Ribbon diagram of lysozyme, a helix illustrated in red, 3 sheet in
green.

4.3. Crystallisation
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4.4 Laue Data Collection

Utilising these crystals Laue data were collected on station 9.5 of the Daresbury
Synchrotron Radiation Source.!:12% 235 A MAR image plate detector (see fig-
ure 3.1) was used to record 31 images from one of the microgravity-grown crystals
at 2° intervals each with an exposure time of 500 ms. This detector uses on-line
scanning of 1200 x 1200 0.150 mm? pixels. The outstanding nature of the data
acquisition with this device (and even more so the CCD - see chapter 5) makes
it practical to consider such fine angular interval data collection strategy. The
synchrotron was operating at 2.0 GeV with an average current of 210 mA during
the data collection run. To attenuate the longer wavelengths a 0.4 mm aluminium

foil was used in the beam path (upstream of the (0.2 mm) collimator).

4.5 Laue Data Processing

The data were processed using the Daresbury Laue processing suite'®® (LAUE-
GEN® and INTLAUE) with soft limits A, of 0.40 A, ez of 1.55 A and dyp
of 2.50 A found as described in the small molecule case on page 3.2.To study the
effects of data collection at different angular intervals several subsets of the data
were examined; firstly, the complete data set of 31 images making up 60° in 2°
intervals, secondly, 16 images making up 60° in 4° intervals, thirdly, 6 images
making up 60° in 10° intervals and fourthly, 3 images with 30° degree intervals.
The data were processed using firstly singlets only, and secondly, with multiplet
deconvolution.’! The normalisation curves for each set of singles data are shown

in figure 4.2.

4.4, Laue Data Collection
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Figure 4.2: Normalisation curves for 2, 4, 10 and 30° angular interval lysozyme
Laue data

The normalisation curves for each data set are identical except that it is noticeable
that, the scaling factors are reduced slightly with the “30° interval” normalisation
curve. Whilst it has been noted I¥ that incomplete data at low resolution (with
few images) may adversely affect the accuracy of the wavelength curve, we can
see that this is true here only in the extreme case of 3 images separated by 30°

which is, in any case, too coarse to be recommended.57,127

The total number of reflections input and output from the normalisation process
is shown in table 4.1. Reflections were rejected if they were outside the chosen
wavelength limits, had negative intensities or negative sigma. Only reflections

with intensities I greater than 3cr(I) were used for scaling. The merging R factors

4.5. Laue Data Processing
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Images in Input Reflections Normalised Multiples R factor
data set reflections for scaling reflections
31 94857 69643 75831 897 6.6 %
16 48925 35832 39026 798 6.1 %
6 21532 15448 17023 521 6.4 %
3 9249 6444 7264 218 7.1 %

Table 4.1: Reflections used and normalised by LAUENORM

Data Rejected R factor on Overall
reflections intensity multiplicity
2 degree combined 2.9 % (1784) 8.9 % 19.3
2 degree singles only 2.9 % (2230) 9.0 % 20.6
4 degree combined 1.5 % (596) 8.6 % 10.3
4 degree singles only 1.4 % (538) 8.7 % 10.9
10 degree combined 0.9 % (157) 8.8 % 4.8
10 degree singles only 0.7 % (127) 8.8 % 5.0
30 degree combined 0.5 % (39) 9.6 % 24
30 degree singles only 2.9 % (35) 93 % 2.5

Table 4.2: Table of AGrovaTa output for lysozyme Laue data

are also those for measurements of the same sign with A within 0.1 A (the so

called “R3” given in LAUENORM).

After normalisation the data is reduced to a unique data set using the CCP4
programs6 RoTAvATA and AGROVATA. Table 4.2 lists the percentage of rejected

reflections, overall R factor on intensity and data multiplicity.

The resulting completeness of the data sets in terms of dmin —oo, dmin —2dmiri
and 2dmin —oo are listed in table 4.3 whilst a plot against resolution is shown in

figure 4.3.

It is useful to determine a low resolution cut off so as to quantify the impact of

4.5. Laue Data Processing
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Singles only
Data set  dmin OG dmin 'Zdmin 2 dmin QO

2° 79.8% 82.2% 58.0%
4° 78.8% 81.2% 54.4%
10° 75.1% 78.8% 41.2%
30° 65.2% 69.6% 25.4%
Multiplets incluc ed
2° 86.1% 88.1% 68.6%
4° 84.8% 87.0% 64.7%
10° 80.2% 83.3% 52.2%
30° 68.3% 72.4% 32.0%

Table 4.3: Completeness of data for protein crystal Laue collection at different
angular steps in terms of completeness from dmin—oo, dmin—2dmin and 2dmin —oo
respectively

Plot of Percentage Completeness vs d
100

2 degree combined o -
2 degree singles o-m
90 4 degree combined -e—
4 degree singles -0o—
10 degree combined
80 10 degree singles -*m-
30 degree combined -e—
30 degree singles -a—
70

60

50

40 .0

30 Q-.

20

3 4 5 6 7 8 9 10 11
d value

Figure 4.3: Percentage completeness vs d values for Laue data from tetragonal
lysozyme crystals collected at station 9.5. The 4° and 30° data are represented by
the same symbols, the 30° data obviously having the lower completeness values.
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A) singles "Qx A combined dmax A

2° 8.6 9.3
4° 8.1 8.9
10° 6.0 7.8
30° 4.9 5.0

Table 4.4: Low resolution cutoffs at 50% completeness for protein crystal to
illustrate the interest in low resolution LOT (Large-angle Oscillation Technique)
data between dmax < A< oo A

the different strategies to fill the “low resolution hole”. A breakdown in terms of
the low resolution cutoffs at 50% completeness are listed in table 4.4 providing
evidence especially of the usefulness of small angular steps, and, to a less extent,
the use of multiple deconvolution. Table 4.4 also illustrates the interest in a
low resolution data collection technique, the Large-angle Oscillation Technique
(LOT)29 to provide a way of filling the low resolution hole. In previous studies
the deconvoluted multiplets, though marginal in terms of dmax improvements, do
contribute to an improvement of map features for proteins30 and have been used
for structure refinement and modelling in this chapter. It can be expected then
that a proportionally greater impact will arise from the use of fine angular steps.
It should be noted, in contrast, that Ren & Moffat (1995)19 have argued the

opposite (that deconvoluted energy overlaps are more important).

With the diffraction data we can see readily how fine angular interval data collec-
tion, A(f>, is better than multiples deconvolution (ie. in table 4.4 for 10° intervals,
multiples increase dmax from 0.0 A to 7.8 A, but for the 4° interval case has dmax
increase from 8.1 A to 8.9 A. We have not specifically separated the impact of
these two approaches in terms of map quality ie. all the maps are shown for mul-

tiples included. However, the new parameter, dmax, is explicitly a low resolution

4.5. Laue Data Processing
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completeness (50% parameter) and will therefore be a very good indicator of map

quality.

4.6 Structure Refinement and Modelling

The structure of lysozyme (coordinates deposited at the PDB,?? (6LYZ),” 3! as
starting model) was refined against each data set, ie. 2°, 4°, 10° and 30°. In each
cycle the model structure was refined using the program X-PLOR*! with 40 cycles
of positional refinement followed by 20 cycles of temperature (B-factor) refine-
ment. Subsequently electron density maps were calculated using the CCP4% soft-
ware package and the model fitted to the maps manually using FRODO43, 141, 142
and later 0.1 The refinement R-factor values®® are illustrated in table 4.5. The
model is already well refined so there is little difference in this case for the data

sets.

The crystallographic R-factor is a measure of the match between the model and X-
ray data whereas the quality of the geometry of the model can be checked through
the rms deviations from ideality of the bond lengths, bond angles, dihedral angles

and improper angles.

During the refinement, water molecules were added if a peak appeared above 3o
in the F,-F, map and within range 2.5-3.5 A of a plausible hydrogen bonding
position. Waters that had been chosen but did not reappear in the lo 2F,-F,
map were deleted. Table 4.6 gives the number of waters found using each set of
data and the average, highest and lowest temperature factors seen in each case.

The location of water molecules in the data set from 2° data was rapid with

4.6. Structure Refinement and Modelling
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2° 4° o 30°

Unique reflections 3855 3794 3588 3055
Completeness 86.1% 84.8% 80.2% 68.3%
Single:Multiple 84.53 4890 32.67 3332

Initial

R-factor 27.9 23.2 22.2 20.9

rms bond length 0.026  0.020 0.019 0.026
rms angles 3.589 2923 2588  2.758

rms dihedral angles 23.994 24.059 23.822 23.826
rms improper angles 3.160  2.285 1.872  2.179

Final
R-factor 19.9 19.9 19.2 18.6
rms bond length 0.007  0.007 0.008 0.007
rms angles 1.817  1.792 1.945 1.818

rms dihedral angles 22.749 22596 22.487 22.898
rms improper angles 1.117  1.216 1.161 1.183

Table 4.5: Results for x-PLOR refinement and FRODO modelling of lysozyme.
The term Single.-Multiple defines the ratio of singles to deconvoluted multiples

2° 4° 10° aee
Number of waters 56 49 48 38

Average temp, factor 34.57 36.52 33.01 27.14
Highest temp, factor 89.24 93.53 114.54 90.96

Table 4.6: Water structure found for the different angular data sets

difficulty increasing with the 4° to 30° data.

Several peaks near the surface of the protein are thought to represent Cl~ ions
(these peaks being rather higher than the majority water molecules). There are
known to be about 16 of these Cl~ ions in the crystal3l but in this case (although

some waters had low temperature factors) it was not possible to distinguish them.
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4.7 Electron Density Maps

The effect of improved completeness at low resolution is indeed manifest in the re-
spective “quality” of the electron density maps. Figures 4.4 to 4.10 show residues
Arg 5, His 15, Phe 38, Asp 52, Tyr 53, Pro 70 and Trp 108 residues respectively.
Figures 4.11 to 4.14 show the disulphide bridges between residues Cys 6 - Cys
127, Cys 30 - Cys 115, Cys 64 - Cys 80 and Cys 76 - Cys 94 respectively.

Arg 5, a basic residue, is the first residue in the a helix, 5 to 15, and occurs on
the surface of the molecule. This is one of the more poorly ordered residues that
can be found in the structure.?® His 15 is also basic occurring on the surface of
the molecule and ends the first « helix. Phe 38 occurs in the non g sheet domain.
Asp 52 and Tyr 53 occur on the surface of the molecule in the § sheet domain
as does Pro 70. Trp 108 is a hydrophobic residue situated on the surface of the
cleft in the non f sheet domain. The four disulphide bridges can be identified
as two groups, Cys 6 to Cys 127 and Cys 64 to Cys 80 are Stimila+  as are
Cys 30 to Cys 115 and Cys 76 to Cys 94. These residues have been chosen so
the work can be directly compared with a study of singles alone and the effect of
adding multiples by Campbell et al..>® Overall connectivity is clearly improved

using the 2° data and quality decreases as the angular step sampling gets worse.

The collection of residues is effectively a broad ranging survey of residues in
different locations of the protein and of different types. It gives little indication
of the overall improvement in the data. Other indicators of map quality are the
real space R-factors.'* These are shown colour coded on a Ce trace in figure 4.15
and plotted per residue for each Laue data set in figure 4.16. There is little overall

difference between the 2°, 4° and 10° data sets but the poor quality of the 30°

4.7. Electron Density Maps
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(a) (b)
VA
© (d)

Figure 4.4: 2Fo-Fc Laue electron density maps at the /a level showing the Arg 5
residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c) 10°
angular steps, and (d) 30° angular steps.
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Figure 4.5: 2Fo-Fc Laue electron density maps at the la level showing the His
15 residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c)
10° angular steps, and (d) 30° angular steps.
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(a) (b)
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Figure 4.6: 2Fo-Fc Laue electron density maps at the /a level showing the Phe
38 residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c)
10° angular steps, and (d) 30° angular steps.
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(d)

Figure 4.7: 2Fo-Fc Laue electron density maps at the /a level showing the Asp
52 residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c)
10° angular steps, and (d) 30° angular steps.
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Figure 4.8: 2Fo-Fc Laue electron density maps at the lcr level showing the Tyr
53 residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c)
10° angular steps, and (d) 30° angular steps.
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Pro 70 \

(@) (b)

(©) (d)

Figure 4.9: 2Fo-Fc¢ Laue clectron density maps at the lcr level showing the Pro
70 residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c)
10° angular steps, and (d) 30° angular steps.

4.7. Electron Density Maps



Chapter 4. Filling the “Low Resolution Hole” in Laue Data 118

Figure 4.10: 2Fo-Fc Laue electron density maps at the /a level showing the Trp
108 residue for data collected with (a) 2° angular steps, (b) 4° angular steps, (c)
10° angular steps, and (d) 30° angular steps.
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(a)

© (d)

Figure 4.11: 2Fo-Fc Laue electron density maps at the lo level showing the
disulphide bridge between the Cys 6 and Cys 127 residues for data collected with
(a) 2° angular steps, (b) 4° angular steps, (c) 10° angular steps, and (d) 30°
angular steps.
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(a) (b)

©

Figure 4.12: 2Fo-Fc Laue electron density maps at the /a level showing the
disulphide bridge between the Cys 30 and Cys 115 residues for data collected
with (a) 2° angular steps, (b) 4° angular steps, (c) 10° angular steps, and (d) 30°
angular steps.
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Cy»yW/
yoy7
Cys 8(k

Figure 4.13: 2Fo-Fc Laue electron density maps at the /a level showing the
disulphide bridge between the Cys 64 and Cys 80 residues for data collected with
(a) 2° angular steps, (b) 4° angular steps, (c) 10° angular steps, and (d) 30°
angular steps.
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(d)

Figure 4.14: 2Fo-Fc Laue electron density maps at the /a level showing the
disulphide bridge between the Cys 76 and Cys 94 residues for data collected with

(a) 2° angular steps, (b) 4° angular steps, (c) 10° angular steps, and (d) 30°
angular steps.
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data set is well illustrated. The real space R-factor is given by

R'res - Z |pobs - pcalcl/ Z |pabs + pcalc‘ (41)

where pyps is taken for the residue from the electron density map and peq from a
calculated electron density assuming a Gaussian atom distribution. The function
was primarily designed to identify where the protein sequence is out of register
with the atom density but is useful in the case of methods development reported

here.

It is evident that the increase of low resdlution reflections contribute to the quality
of the maps. The electron density around the four disulphide rings is good in
each case as was also found in a study of the activity of lysozyme.?* Overall
connectivity of the main chain is much improved as is the side chain density with
more data. Somewhat puzzling is that in a few regions lower completeness data
seems to show a better electron density in terms of connectivity. Overall, however

the expected trend is that indeed better completeness yields better connectivity.

4.7. Electron Density Maps
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(@) (b)
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Figure 4.15: Ca trace of the lvsozyme structure coloured according to the R-
factor of the residues (red = 0.43, blue = 0.26) for data collected with (a) 2°
angular steps, (b) 4° angular steps, (c¢) 10° angular steps, and (d) 30° angular
steps
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Residues 4° 10° 30° 6LYZ Model
In most favoured regions 87.6% 85.8% 84.1% 85 8%
In additionally disallowed regions 12.4% 14.2% 15.9% 14 2%

Table 4.7: Lysozyme residues present in most favoured and additionally allowed
regions of the Ramachadran plot

4.8 Quality of final models

The Ramachadran1® plots produced by procHECK 151 are shown in figure 4.17.
The Ramachandran plot is a plot of the angle of rotation of the N-CQ bond
(() against the angle of rotation of the CQC bond (-0) from the same CQ atom
of a particular part of the peptide chain of the protein. These two angles, (f
and -0, are the only degrees of freedom hence the conformation of the whole
chain is completely determined when these are described. Most combinations
of () and if; are not allowed because of steric collisions (either between atoms in
different peptide groups or between a peptide unit and the side chain attached
to the CQ. The residues in most favoured and additionally allowed regions are
shown in table 4.7 along with the 6LYZ model details. There were no residues
in generously allowed or disallowed regions. The Ramachandran plot displays
allowed regions as shaded, glycine residues are marked as A and non-glycine
residues as m. Glycine with only a hydrogen atom as a side chain can adopt a
much wider range of conformations than the other residues. The most favoured
regions are (A,B,L) are denoted by dark grey shading, additional regions (a,b,l,p),
generously disallowed regions (~a,~b,~1,~p) and disallowed regions progressively

lighter.

4.8. Quality of final models
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Figure 4.17: Ramachandran plots for tetragonal lysozyme for data collected with
(a) 2° angular steps, (b) 4° angular steps, (c) 10° angular steps, and (d) 30°
angular steps. Total angular coverage of 60°.
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4.9 Summary

The ease with which recently available automatic readout detectors can be utilised
is important, as is the extra sensitivity of those devices over photographic film in
realising routine measurement of many more Laue diffraction images per crystal.
The ability to measure many more images in a short time, limited by exposure
and image scanning time, allows the problem of a lack of low resolution data to be
overcome. It is noticeable in the increase of the low resolution data via smaller
angular interval data collection and multiples deconvolution how effective the
techniques are. The 2° interval case shows electron density maps as good as any

monochromatic electron density maps for that resolution (2.5 A).

4.9. Summary




Chapter 5

ESRFE CCD detector calibration with

the Laue method

5.1 Introduction

Inherently the image plate (and obviously film) do not have an ideal capability for
time-resolved recording of X-rays® because of a poor readout time (or developing
time) involved. The Charge Coupled Device (CCD) offers a faster readout and

low noise detector? 3. 4111

and has recently become routinely available for X-ray
data collection.”® 111 234, 243 Spatia] distortions and non-uniform response occur,
to some extent, in all area detectors.!™ ??® Any distortion and non-uniformity
response have to be corrected and a standard procedure has to be developed.
At the ESRF there is a CCD (with image intensifier device) which has good

sensitivity and fast readout. This chapter is concerned with asse\?sing the need for

calibration corrections to the recorded image data in particular.

129
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5.2 “Image Mapping” Corrections and Calibra-

tions

Spatial distortions are divided into two types, gross distortions produced by in-
herent properties of the detector components and local distortions formed by
irregularities in the components. Correction of spatial distortion is achieved by
use of a grid constructed from an X-ray opaque material with an array of holes.
By comparing the recorded image of this grid with the true mask geometry a
transform can be calculated and applied to data collected to remove any spatial

distortion.

The non-uniformity of responce to intensity of the detector is derived from a
uniform incident flood field of radiation. Since it is likely that this might be
wavelength dependent too, a series of flood field images with radiation of different
wavelengths are ideally required. At the time of our first experiment at ESRF
beamline 3 with the ESRF CCD detector such a sequence of non-uniformity
calibrations were not available. Hence a set of Laue data were collected to try to

ascertain the need for such a correction.

5.3 Equipment

The ESRF image intensifying CCD detector,'™ figure 5.1, was used on beamline
3, the Laue beamline,'*® at the European Synchrotron Radiation Facility (ESRF).
This detector®®: 170 consists of a scintillator which converts the incident X-rays

to light which is then converted to electrons and amplified by a photo-cathode.

5.2. “Image Mapping” Corrections and Calibrations
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The electrons are focussed electrostatically onto the CCD. The aperture of the
detector is 1 5x 17 cm with an overall pixel size of about 250 /im . This resolution
results from the combination of several optical elements and the CCD resolution
itself, 24 fim . The CCD comprises 10242 pixels with a readout speed of 2 x 105
pixels s_1 (ie. each whole image can be readout in seconds). In operation the CCD
is cooled by a Peltier element to -25° and has a dark current of %10 electrons

with a dynamic range of 1:30000 per pixel.

Figure 5.1: Image intensifying CCD detector installed on ESRF beamline 3 (seen
without electrostatic shielding)

5.3. Equipment



Chapter 5. ESRF CCD detector calibration with the Laue method 132

5.4 Experimental

Laue data were collected, in fact, from a lysozyme crystal grown on the IML-2
mission130, 21 (see chapter 8). An initial exposure of 400 msec was made onto
photographic film with a crystal to detector distance of 96 mm. Nine exposures
of 20 msec were then taken using the CCD detector at 1° spindle intervals (0 to
8°) with crystal to detector distance of 210 mm. A further nine exposures were
made in 8° intervals (16 to 80°) and a grid image recorded for spatial distortion
correction. Figure 5.2 shows an example of a recorded image and the resulting
spatially corrected image. Hence the 1° interval data would greatly assist de-
termination of the uniformity of response of the CCD and the 8° interval data
covering a full 64° range would allow a complete data set to be obtained (for

comparison with chapter 4).

mX v-37.viv'*

(a) (b)

Figure 5.2: ESRF CCD images recorded from lysozyme (a) uncorrected and (b)
with distortion correction applied

5.4. Experimental
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5.5 Data Processing

The spatial distortion correction effect is seen with the initial rectangular image
produced directly from the CCD (figure 5.2(a)) compared to the almost ‘TV
screen’ like profile of the image used for processing (figure 5.2(b)). The spatial
distortion correction procedure (section 5.2) was repeated for each image. These
images are then properly spatially corrected. The CCD images were subsequently
processed with LAUEGEN and INTLAUE to produce a set of integrated, indexed
intensities (with positional information retained). The soft limits, Anin, and dpin
were derived using LAUEGEN (from a measure of the distribution of intensities
with wavelength and resolution,® figure 5.3), at 0.35 A and 2.00 A respectively.
The upper wavelength limit, A,,.;, was evaluated at 1.00 A by comparison with
recorded images and predictions - a similar technique to finding A, and dpin
could have been used but in practice very few spots were recorded for large A

because of the limited angular aperture of the detector.!®

Positional refinement of the spot predicted positions gave a consistent average
rms deviation from the recorded spot positions of 0.0287 mm (with a standard
deviation of 0.0008 mm). The twist, tilt and bulge show quite a deviation from
their mean values of, 0.504°, 0.098° and 0.005° respectively. There is, however,
no evidence of major positional deviation in the spots despite the deviations in
refined parameters found between successive images (plotted in figure 5.4 for the

first nine images).

The data from the first nine images were initially wavelength normalised using
LAUENORM. The resulting normalisation curve is shown in figure 5.5. In this

case the peak occurs at 0.55 A as compared the the image plate lysozyme data

9.5. Data Processing
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Figure 5.3:
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Histogram output from LAUEGEN48, 118 of normalised intensities

soft limits respectively.
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Figure 5.4: Deviation from the mean for the twist, tilt and bulge refinement
parameters with ESRF CCD collected Laue data

collected on station 9.5 of the SRS, page 85, where the normalisation is unity at
approximately 0.82 A. This demonstrates the shift to useable shorter wavelengths
with the higher brilliance ESRF compared to the SRS. The data was then reduced
to a unique data set with the CCP465 programs ROTAVATA and AGROVATA. These
results then serve as a baseline from which we can try and improve with the

introduction of non-uniformity of response corrections. An attempt to get such

a correction will now be described.

The images were separately treated with the program LAUESCALE to produce an
intensity response surface. As discussed, in chapter 3, LAUESCALE can be used to
calculate and apply an absorption correction surface. Hence, with the short wave-
lengths used absorption becomes negligibly small and can be ignored.11,12,109,126

The correction surface produced is therefore then a measure of the non-uniformity

5.5. Data Processing
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Figure 5.5: Wavelength normalisation curve produced from ESRF CCD collected
lysozyme crystal data

of the detector response, if we assume this is independent of wavelength. LAUE-
SCALE has to use a reference data set to scale the as-measured intensities against.
The structure factors (converted to intensities) obtained from the PDB22 de-
posited 6LYZ3l, 77 data set were used for this purpose. Hence, for each image a
non-uniformity intensity response surface was calculated then a corrected (scaled)
data set produced. The first nine data sets were then merged and used to produce
a unique set of reflections again using ROTAVATA and AGROVATA for comparison

with the case described in the previous paragraph (ie. without a correction).

As a cross-check in this procedure, in addition, for the first CCD image a photo-
graphic film exposure, figure 5.6(a), was recorded at the same spindle axis setting
of the crystal (but a different crystal to detector distance). The CCD image was

scaled to the film image. Photographic film has a uniform (non-varying) intensity

5.5. Data Processing
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response across its surface for a given wavelength (variation less than 1%).87 241
The film data (produced from LAUEGEN and INTLAUE) were converted to a for-
mat suitable for input to LAUESCALE. Hence, a non-uniformity intensity response

surface was again produced, in this case based on the film as a reference.

5.6 Results

The photographic image recorded is shown in figure 5.6(a) together with the
corresponding non-uniformity response surface, (b). Figures 5.7 to 5.9 show the
non-uniformity response for the 0° to 8° spindle positions intended for detector
calibration. Figures 5.9 to 5.11 show the surface for the remaining images, spindle
axis of 16° to 80°. In all cases contouring is shown with the 100% peak in the
highest response position position of the surface decreasing in 5% steps from

that.

As each image was recorded in time sequence it would be expected to see only
slight variation in the overall response of the detector. The results shown here
are therefore somewhat surprising as the response varies quite markedly. The
deviation of the peak of the response from the centre of the detector is illustrated
by figure 5.12. Image number 7, figure 5.8(c), has two peaks visible and the

highest one, 100% response, is chosen.

In comparing the corrected data (non-uniform intensity response scaling applied)
to the uncorrected data the Ryqeors (more correctly termed Rpmerge, See page 54)
are shown in figure 5.13 plotted against intensity and resolution, d,.,. The

data were processed to 2.0 A (just above the LAUEGEN estimate although from

5.6. Results
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Figure 5.6: ESRF (a) Laue data recorded photographically from tetragonal
lysozyme. The large dark region visible at right is due to a developing prob-
lem at the time of data collection, (b) The corresponding CCD detector response
function derived from film (a) and CCD image 5.2. The contours range from
100% response at the centre to zero response at the edges (ie. each contour is a
5% decrease in sensitivity).

figure 5.13, a more reasonable value would seem to be 2.3-2.5 A). The low intensity
data is poor below the intensity value of approximately 1250. For the R/ac*x
versus intensity plot the final intensity data bin was not included in the graph
because of the wide range of the bin and the few reflections included - corrected

data, intensity 5000 to 16988 with 55 reflections (8 unique), uncorrected data,

intensity 5000 to 28768 with 310 reflections (38 unique).

5.7 Discussion and Concluding Remarks

Producing a non-uniformity correction with Laue data for an image intensify-

ing CCD detector has posed a challenge. Pixel to pixel uniformity is very likely

5.7. Discussion and Concluding Remarks
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Figure 5.7: Intensity response surfaces for ESRF Beamline 3 CCD detector with
tetragonal lysozyme for exposures at spindle axis settings of (a) 0°, (b) 1° (c)
2° and (d) 3°. Contouring is from 100% response at the centre in 5% steps from
that. Response surface (a), 0°, should be compared with figure 5.6(b).
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Figure 5.8: Intensity response surfaces for ESRF Beamline 3 CCD detector with
tetragonal lysozyme for exposures at spindle axis settings of (a) 4°, (b) 5° (c¢)
6° and (d) 7°. Contouring is from 100% response at the centre in 5% steps from

that.
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Figure 5.9: Intensity response surfaces for ESRF Beamline 3 CCD detector with
tetragonal lysozyme for exposures at spindle axis settings of (a) 8°, (b) 16°, (c)
24° and (d) 32°. Contouring is from 100% response at the centre in 5% steps
from that.
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Figure 5.10: Intensity response surfaces for ESRF Beamline 3 CCD detector with
tetragonal lysozyme for exposures at spindle axis settings of (a) 40°, (b) 48°, (c)
56° and (d) 64°.
from that.

Contouring is from 100% response at the centre in 5% steps
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Figure 5.11: Intensity response surfaces for ESRF Beamline 3 CCD detector with
tetragonal lysozyme for exposures at spindle axis settings of (a) 72° and (b) 80°.
Contouring is from 100% response at the centre in 5% steps from that.

Image number

Figure 5.12: Deviation of peak intensity response across CCD detector in hori-
zontal and vertical planes from the centre
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Figure 5.13: Ryeetor (on Intensity) plotted against (a) dpi, and (b) intensity
for both intensity corrected (via. LAUESCALE and monochromatic data) and

uncorrected data
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to depend on wavelength since the path through the scintillator changes with
wavelength and different sensitivity/detector absorption problems may be appar-
ent. Nevertheless, the present correction surfaces determined and applied have
improved the overall data quality and give an indication of the detector perfor-
mance. Further improvements are required however if the CCD data are to be of

a quality to be considered for structure refinement.

For this data collection the detector was used without any electrostatic shielding.
Recent improvements to the beamline have included improved shielding around
the detector and a cone of shielding toward the crystal. The variations in unifor-
mity response that we have observed (ie. figures 5.7 to 5.11) could well be due
to variations in the magnetic field. However, figure 5.6(b) and figure 5.7(a), do
not agree either for the same CCD image which suggests some systematic error
is occurring in the calculation procedure. The principal weakness appears to be
our assumption that each pixel non-uniformity correction is independent of wave-
length. It is possible that there may be some variation in the spatial distortion
and indeed there is quite a variation in the twist, tilt and bulge parameters of
the refinement. An additional limitation for the response surface derived from
film, figure 5.6(b) is that no account of the wavelength response of the film®! was

taken.

Very recently,'™ a proceedure for the ESRF CCD uniformity of response estimate
has been developed involving a sequence of different monochromatic flood fields

onto the detector. These need to be applied and the final results compared with

figure 5.13.

5.7. Discussion and Concluding Remarks
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Future Development of the Synchrotron
Laue Method

6.1 Discussion and Conclusions

Chapter 3 showed that the Laue method has proved effective for small molecule
structural solution and refinement even with a small crystal. In chapter 4 the
image plate has proved to be effective in collecting a large number of images in a
short time and has been used to advantage in collecting small angular step data
for a protein crystal in order to investigate the ‘filling of the low resolution hole’.
The speed and ease of data collection has been proved and essentially the ‘low
resolution hole’ can indeed be filled. A fine angular step is more effective than
multiple deconvolution for the medium bandpass used here (0.40 A to 1.55 A).
The Large-angle Oscillation Technique (LOT)?*® for low resolution data collec-
tion appears to be an alternative option to fine angle Laue data sampling. By use
of a station that can switch from monochromatic to Laue mode a complete data
set could be collected in one run with the additional benefit that the crystal ori-

entation matrix can be determined monochromatically prior to Laue exposures,

146




Chapter 6. Future Development of the Synchrotron Laue Method 147

making prediction of the Laue patterns quite straightforward.!® However, for the
fastest exposures (< 1 msec) it is important to consider the limit to rotating crys-
tal/monochromatic methods (nb. an ultracentrifuge rotor arm can reach 60000
rpm ie. 1 revolution per msec; Laue exposures, in contrast, can be as short as 50

psec !).

In chapter 5 calibration of a detector has proved challenging. The procedures
used have improved data quality but not to the standard required. Electrostatic
screening of the detector on the beamline, which was not employed at the time of
our run, but has been introduced subsequently, will reduce any CCD calibration
instabilities with time. So, although the use of the Laue method with a test
crystal has proved to be a rapid diagnostic, it may need to be supplemented by
monochromatic information on the pixel to pixel variations of response over a set

of selected wavelengths.

6.2 Future Work: Overview

At present no protein structure has been solved de novo with Laue data alone
(though various areas of progress are being made eg. in the evaluation of cell
parameters from Laue photographs® °® and computational power). This has to

be an area for future work.

The Laue technique comes into its own when applied to time-resolved studies.
Rapid data collection should allow fast time dependent changes to be monitored
for suitable biochemical systems. Recent work has been carried out with site-

directed mutagenesis to mutate the key rate determining catalytic residues of

6.2. Future Work: Overview
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isocitrate dehydrogenase and its substrate intermediates.?® Laue date was then
recorded and steps on the overall pathway then visualised via these time-resolved
techniques. Time-resolved techniques show great promise. Perhaps most inter-
esting and revealing of all will be to use the Laue technique to “time-resolve”
the ordering of parts of a protein structure at key periods of a reaction. Such
portions being invisible to static (standard) crystallography techniques (eg. see

Scheidig (1995)207).

6.2. Future Work: Overview
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Chapter 7

Microgravity in Crystallization

7.1 Introduction

Unlike most conventional crystals, protein crystals are, in general not initiated
from seeds but are nucleated ab initio at very high levels of supersaturation. It
is the high degree of supersaturation required for nucleation that in large part
distinguishes their formation and growth from that of smaller molecule crystals.
A consequence of this excessive supersaturation is that once a stable nucleus
has formed it has to grow under very unfavourable conditions of supersatura-
tion.%% 95202 Growing crystals accumulate molecules rapidly resulting in statis-
tical disorder and a high frequency of defects.!™ Because dislocations tend to

promote even more rapid growth a cascade results.!”™

The unfavourable conditions result with earth-grown crystals because the rate
of change of density (of protein and precipitant) with temperature is negative,
and, with concentration is usually positive under earth’s gravity. Hence crystal

growth is always accompanied by a rising buoyant convection current which is
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often oscillating and/or unstable. These convective gradients'” are clearly vis-
ible, using Schilieren optics, as plumes emanating from the upper face of the
crystal.®’ This oscillating “turbulent” convection drastically modifies the convec-
tion gradient along the growth interface® between crystal and solution producing
notched surface structures and liquid inclusions.!”™ The supersaturation at the
surface will vary significantly over a growing face depending on the flow velocity
of the plume causing a depleted supersaturation region to appear at the root of
the convection plume. The size of individual protein aggregates suggests that
their alignment at the interface of the growing crystal with the solution may be
disturbed even by low level convection irregularities with consequent damage to
crystal perfection.?'* Terminal size (ie. the final size reached by a crystal) may
be related to the extreme sensitivity of buoyant convection to changes in crystal
size.8% Solutal convection around the surface of the crystal may hinder attach-
ment of growth units. This speculation is reasonable with the low bond strengths
involved in protein crystallization and the large dimension of the growth units,
in particular, thought to consist also of multimolecular clusters.'®® The influence

of convection on growth has been reviewed by Wilcox.2%

Another problem in gravity is that growing crystals will sediment which can inter-
fere with single crystal formation?*® 130 (page 173). An additional problem with
gravity is secondary nucleation, which either involves crystalline particles torn
out of a parent crystal by solid impact, or fluid attrition (through turbulence),
or locally induced supersaturation in the liquid layer next to a seed crystal.'%®
Eliminating convection and turbulence by use of microgravity would reduce these

secondary nucleation effects.

7.1. Introduction
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The relative weakness of protein-protein interactions!®? suggest that tempera-
ture and gravity may set lower and upper limits on observable crystal size re-
spectively.!”” For very small aggregates of individual protein molecules thermal
noise provides a lower cutoff below which Brownian motion can disrupt ordering.
Conversely for larger aggregates gravity begins to distort regular ordering and
provides an upper cut-off above which acculumulation of misalignments would
build in gravity induced strain.!” The result of these two cut-offs is a window
of sizes in which stable crystals could survive intact in thermal and gravitational
fields. By use of microgravity (and stable temperature environments) the crystal
size may be maximised by reduction of the gravity induced strain and thermal

motions.

7.2 Eliminating Convection

To investigate microgravity as a growth medium to alleviate convection, turbu-
lance and sedimentation experiments, were undertaken using sounding rockets
(European TEXUS program).!®® The protein S-galactosidase was used as a test
protein with the diffusion process being studied by Schlieren optics. Ground
controls showed turbulent convection in the diffusion process. The microgravity-
grown samples (with 6 minutes of microgravity) showed a strictly laminar dif-
fusion process with turbulent convection only being observed on re-entry of the
payload to the gravitational sphere of the earth. Surprisingly, after such a short
time for crystal growth, several single crystals were obtained from the micrograv-
ity experiment. As a macromolecular crystal begins to form in microgravity a

depletion zone is thought to be established around the nucleus and expand as

7.2. Eliminating Convection




Chapter 7. Microgravity in Crystallization 153

the crystal grows.!% This zone is a volume of space around the growing crystal
which contains less protein than the overall protein solution due to the protein
being incorporated into the crystal. Because protein diffusion is slow the deple-
tion zone is quasi stable, and hence protein forming the crystal (and depleting
the zone) is slowly replaced with more protein from the surrounding solution.
The overall effect is then that the surfaces of the growing crystal interface with
a local solution phase containing a significantly lower concentration of protein
nutrient than exists in the bulk solvent ie. there is a reduction in the degree of
supersaturation of the local solution and creates for itself an environment equiv-
alent to a region where optimal growth might be expected to occur (nucleation

point and low supersaturation).

Methods of eliminating convection, other than microgravity, have been studied'™
including low gravity simulation systems (dp/dc — 0, ie. rate of change of density,
p, with concentration, ¢, tending to zero), microscopic growth systems (reducing
convection by scaling down the system), configurational stabilisation (configuring
the experiment so that density gradients inhibit rather than promote convection)
and growth of crystals in gels. Low gravity simulation systems have been found
(eg. tetramethyl ammonium chloride/heavy water and thymol diethyl carbonate)
but are rare and too unusual in general to be extrapolated to systems in protein
crystallography. Microscopic crystal growth does reduce convection for crystals of
small dimension (ie. less than 1 gym) but cannot produce usable crystals for X-ray
diffraction (due to their small size). Configurational stabilisation techniques are
more promising for microgravity simulation but are complex and studies have

75

only been performed on small molecules.!”™ Crystal growth in gels has been

successful and offers some of the advantages of microgravity.'%

7.2. Eliminating Convection
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A gel forms a microscopic mesh through which the solutions permeate. As a
crystal grows it either incorporates some of the gel in the crystal or pushes the
gel aside thereby causing rupture and or dislocation of the gel framework. It
has been noted'®® 1% that fragile crystals, especially those growing as needles,
break and are destroyed when they touch the network of the gel. Depletion of
the solute is uniform around the crystal-gel interface and convection is reduced
as the liquid is trapped in the gel texture. Crystals do not sediment on the
bottom of the growth cell but rise being sustained by the gel matrix. Gels reduce
the nucleation density resulting in fewer, larger crystals. However, only limited
improvements in the X-ray diffraction data quality have been seen'®? and in
any case with the I/o(I) ratios of microgravity-grown crystals being better than
the gel-grown ones. However, the gel-grown ones showed an improvement over

crystals grown via regular techniques of ground crystallization.

7.3 X-ray Characterisation of Crystals

Basics and Definitions

In a diffracting crystal there are three types of disorder.

e Firstly, all (or virtually all) of the molecules in the crystal are very close
to the mean orientation and lattice point position having a scatter about
the lattice point roughly that of the average statistical disorder of all the
molecules in the crystal. In essence, all of the molecules are reasonably

ordered and the resolution limit of the X-ray diffraction data gives a measure

7.3. X-ray Characterisation of Crystals




Chapter 7. Microgravity in Crystallization 155

of that average residual statistical disorder.

e Secondly, there are specific defects and dislocations (as observed by Durbin
and Feher®® using electron microscopy). These defects will contribute vir-
tually no constructive component to the crystal diffraction intensities but
only to the X-ray background scatter. Defects and dislocations therefore
will reduce the number of usefully scattering unit cells to which the in-
tensity is proportional while at the same time increasing diffuse scatter or
background. The estimated error in intensity, I/o (I} includes a measure of

this scatter.

e Thirdly, the crystal may have a mosaic structure where there are several
(or many) three dimensional regions of a crystal slightly misaligned to each
other. In the limit of very many small ‘mosaic’ blocks a crystal will have a

‘crumbly’ nature.

The maximum extent of the diffraction pattern or resolution limit for any protein
crystal is a function of the inherent statistical disorder of the molecules rather
than thermal effects which predominate in most crystals.'®® The maximum res-
olution is the inverse value of the largest value of the scattering vector modulus,
S (S = Zsig,‘;'), for which measurable Bragg intensities can be extracted from a
diffraction pattern recorded in given experimental conditions. In practice, defini-
tions of resolution are based either on the ratio I/o(I) in resolution shells or on
values of Ryym (the relative disagreement between intensities of symmetry equiv-
alent reflections) as a function of S as well as on completeness of observed data.
For example I/o(I) should be > 3, Ryyn should be < 20% and completeness >
50% in the highest resolution shell.

7.3. X-ray Characterisation of Crystals
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Another way of assé:sing the crystalline order is the Wilson plot which can be used
to evaluate the overall B value for a crystal. The B value is a parameter that
reflects the internal order within a crystal whereby B = 872u? and u is the mean
square amplitude of atomic displacement. Relative Wilson plots, also known
as difference Wilson plots, are useful for comparatively assessing the internal
order of similar protein crystals grown under different growth conditions. The
slopes of these plots of In (3 —11;—‘;:,1 , where F'is the crystallographic structure factor

amplitude of crystals respectively of type a and b, versus 4Sii\‘;9 (vesolution) are

directly related to the difference in overall B values within the two crystals.

The method utilised in this thesis for the evaluation of crystal perfection is mea-
surement of the mosaic spread. This requires a very high resolution diffractometer
and synchrotron source. Mosaic spread measurement is independent of processing
software and gives a direct indication of the protein crystal geometric perfection.
The mosaic spread, 7, is a parameter associated with the mosaic crystal model®®
which is commonly used to define ideally imperfect crystals. Protein crystals are
thought to belong to such a categorisation. A mosaic sample, as described in
section 2.8, is an assembly of a number of perfect domains slightly misoriented
with respect to each other and 7 is the extent of the angular misalignment of
each domain with respect to every other domain. The overall mosaicity is a
convolution of 7 with the intrinsic rocking width, wy, of each domain. The in-
trinsic or diffraction grating angular spread of a reflection can be derived from

the dynamical theory of X-ray diffraction, in SI units;

1 , €* tanfp
hmez v,

Wp ==

| Pl (7.1)

T2€,
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where d3 is the interplanar spacing for the Bragg plane (= h, k, 1), 5 the Bragg
angle, V, the volume of crystal unit cell and |F}| the structure factor amplitude.
The mosaic spread, 7, is usually thought to be greater than the intrinsic rock-
ing width w. This, as we shall show, is actually a misconception. Experimental
rocking widths for good macromolecular crystals are dominated by instrument
Sm({ring effects which consequently must be made as small as possible by choice
of perfect monochromator crystals and tight slitting down to reduce beam diver-

gence if the true values of 7 and w are to be measured.

Assuming a perfect single domain crystal with typical unit cell dimensions, w
values calculated on the basis of dynamical theory are small,*?* less than 0.0003°.
From equation 7.1 widths much larger than average are expected from strong and
asymmetric (|y,| > 1) reflections at low resolution. Widths are also dependent

on the inverse unit cell volume.

The experimental rocking width, @r(, of a particular reflection is a convolution
of the overall sample reflecting range with the X-ray beam geometric and spectral

parameters.108 124

(5)\ 2 2
2 (d—%—gﬁ' {n + [%] tan 93}) L (7.2)

where L is the Lorentz factor, yg and -y, are the beam cross fire angle in the hor-
izontal and vertical, d* is the reciprocal of dj,, {yg is the cylindrical coordinate

in reciprocal space parallel to the rotation axis of the reflection, h, in question,

[%]Co,.r is the spectral dispersion correlated with direction and [%}com the spread

(
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along each direction. Accurate estimates of the synchrotron radiation beam pa-
rameters can be made and deconvoluted from ¢rq) to give 7, provided these
other factors are not dominating the value of @rs). A particular problem is the
nature of the mathematical model for combination of different factors to give the
overall rocking width. If each contribution is a Gaussian intensity distribution
they add “in quadrature” rather than by simple addition. In the former model
then a single large term (eg. beam divergence) can quickly mask all other terms.
For example, if yg = 0.06 ° (1 mrad) and w = 0.0005 ° were added as \/W

then g needs to be < w for w to be probed.

Methods Used to Probe n and, Finally, to Reach wy

Two methods can provide estimates for rocking widths, either a monochromatic
beam and rotating sample or the Laue method. In the Laue method (poly-
chromatic beam, stationary sample) rocking widths of individual reflections are
derived from the radial extension of diffraction spots on the detector after making
corrections including beam divergence, crystal to detector distance and detector
point spread function. The Laue method allows a fast survey of a large number
of reflections and is most suitable for comparing various samples. The mono-
chromatic method is used for more detailed analysis giving accurate reflection
profiles of a limited number of reflections in a longer time period at selected
regions of reciprocal space (eg. high resolution). Moreover, identical reflections
can be compared for different individual crystals (eg. microgravity-grown and

earth-grown crystals).

For the Laue method the mosaicity of the sample is derived from the size and
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shape of the Laue diffraction spots. Their radial extension® is given by equa-

tion 7.3 in the limit of an incident X-ray beam of zero size and zero divergence;

Dyadial = 21 (7.3)

cos? 20

where D is the crystal to detector distance and é the Bragg angle. For 5 to
be measurable by the Laue method as low a divergence as practically possible
(eg. =~ 10 prad) is established by slitting down the beam and using a small
collimator (eg. 0.2 mm) to keep the beam cross section small. In addition as long
a crystal to detector distance as possible is used (2.4 m on station 9.5 of the SRS)
and a detector such as X-ray sensitive film with a fine pixel size is employed. The
size of the direct, non diffracted beam, measured at the film position, allows for
proper account of the practical size and divergence of the beam to be made. This
is then subtracted from the measured diffraction spot size to finally yield A,qgia
from which 7 is extracted assumed to be at full width (ie. 6¢) then converted to

a full width at half maximum (FWHM) (ie. 2.3¢).

The monochromatic method, in contrast, makes use of a diffractometer with a
small angular step size, controling the crystal orientation, combined with a mono-
chromatic synchrotron beam of very low divergence and small §\/\. Reflection
ré:king curves are measured and the FWHM determined. The crystal sample mo-
saicity, 7, can be determined by deconvoluting the instrument resolution function,

IRF', out of the overall measured reflection width, ¢z using®;

n=1/¢% — IRF"? (7.4)
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The IRF" is based upon

IRF? = (2.30,/P)? + (AN/A)* tan® 0 (7.5)

where o, is the vertical beam size, P the source to sample distance, AA/X the
relative wavelength range and 6 the Bragg angle of the monochromator. The
dimension of the sample, C, and vertical beam divergence, wgy, are taken into

account then with;

2
TRF™ = [RF® + minimum [wg, (%) } (7.6)

(usually & is indeed < wy).

The formulae, 7.4 to 7.6, assume that a horizontal rotation axis for the crystal is
used with the scintillation counter moving in the vertical plane (ie. the so-called
normal beam equatorial method with the diffractometer mounted on its side as

at the synchrotron for a horizontally polarised X-ray beam).

Both methods described complement each other. The Laue method because of its
high speed allows a large number of samples to be examined. The diffractometer

method allows a few crystals to be studied in high detail and the resolution limit

to be readily explored.
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7.4 Previous Microgravity-Grown Crystal Anal-

ysis

The first protein crystallization experiments weee- carried out in microgravity
were conducted aboard the Spacelab-1 in 1983 and involved the liquid-liquid
method.1%% 156 This produced apparently astonishing claims of lysozyme crystals
with 1000 times larger volume than crystals grown on earth. Unfortunately the
microgravity crystals grown were no larger than the lysozyme crystals grown by
standard laboratory techniques on earth. The device used on earth had simply
produced very small crystals. Hence, in future, in order to get an unbiased
view, crystals grown in microgravity, crystals grown on earth in the microgravity
hardware, and the best earth grown crystals from typical laboratory devices must
be compared. However, the results had shown that microgravity environment
with identical materials and approach had produced differing results. Hence
microgravity was indeed a real parameter, or variable, for crystal growth as had

been suspected from considerations of convection described in section 7.1.

The first protein crystallization experiments in an unmanned space capsule were
carried then out on the Photon satellite mission (April, 1988).2%6 The advan-
tages of such a capsule being much lower levels of microgravity than a manned
facility (ie. no astronaut disturbances) Catalase crystals were produced that were
larger than the earth controls and forming separate crystals rather than clusters
or rosettes as on earth. Also, ribosomal subunits crystallized in microgravity,

but not on earth, adding weight to the observation that microgravity facilitated

56

nucleation.}
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The COSIMA-13% 13 mission (August, 1988), also unmanned, was flown using a
Chinese Long March rocket with re-entry capsule from the Juquan Space Centre
(Inner Mongolia). During re-entry the decel eration level increased to 13 g and
ended with opening of a parachute causing a 60 g shock for 5-10 milliseconds.
There were also reported to be problems in recovering the crystals in the Gobi
desert with approp:iate thermally insulated storage hardware. In no case was
there an improvement of crystallization over ground based techniques. A second
mission, COSIMA-2!34 14 yging Russian launch facilities, involved crystallisation
of bovine pancreatic ribonuclease S. The microgravity crystals yielded a consid-
erably larger fraction of significant diffraction spots than similar ground crystals
and slightly lower overall B factors were seen. However growth of thermolysin
and a 23 kD lysozyme from Streptomyces coelicolar produced crystals with signal
to noise statistics somewhat poorer than earth-grown samples. This would imply
that the particular method chosen for microgravity growth might be limiting in

itself, somewhat like the first Spacelab-1 mission.!%% 156

Further experiments on protein crystal growth under microgravity were per-
formed on NASA parabolic flights and four Shuttle missions (STS-51D, 51F,
61B and 61C) between April 1985 and January 1986 for development of vapour
diffusion crystallization equipment.” Designs emphasised simplicity, no external
power, minimal space, self contained, ease of use and observable via photogra-
phy. These experiments produced no quantitative results but did show improve-
ments in crystal morphology with the absence of gravitational sedimentation
in microgravity. The resulting equipment that was subsequently developed was
flown on STS-26 (September, 1988) with 11 protein systems™ using a vapour

diffusion crystallization technique. Crystals resulted for + interferon D, porcine
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elastase, isocitrate lysase and concanavalin. The First three proteins displayed
more uniform morphologies and yielded diffraction data to significantly higher
resolution than the best earth grown crystals. Relative Wilson plots indicated
that the microgravity grown crystals were more highly ordered at the molecular
level than crystals grown by the same method on earth. (Concanavalin displayed
higher resolution diffraction but analysis was incomplete due to X-ray data col-

lection difficulties).

The Russian space station, Mir, was used for long duration crystal growth exper-

iments?%?

of chicken egg white lysozyme and D-amino transferase from Decem-
ber 1989 to February 1990. The resulting crystals of D-amino transferase were
larger than the earth grown controls and diffracted to slightly higher resolution.
Lysozyme crystals grown using vapour diffusion differed little from those grown
on earth under identical conditions and were slightly inferior to crystals grown
on earth by other standard techniques in terms of average number of crystals and

crystal size. Of interest to this study was the formation of crystals in different

morphologies to those found on earth under similar conditions.

Short experiments were also carried out using sounding rockets with ribonucle-
ase A and pancreatic trypsin.?!” Preliminary experiments indicated that crystals
could be grown from supersaturated solutions wutilising seed injection in a very
short time, the microgravity time available (at 10~* g) being seven minutes. In
general more and larger crystals were grown in microgravity over ground con-
trols. Ribonuclease A crystals had poorly defined habits but diffracted to higher
resolution (1.06 A) than previous laboratory grown samples (1.26 A). The crys-
tallization process could not be stopped at reentry and total crystallization time

was around 90 minutes.
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Further experiments on Shuttle flights, STS-29, 32 and 31 yielded protein crystals
of more uniform morphologies and diffraction data of better quality than for some
of their earth grown counterparts.”: ™ For each of these Shuttle missions approx-
imately 20% of the proteins flown were found to grow crystals which exhibited
better morphologies or yielded better diffraction quality data than their earth-
grown counterparts. However, approximately 40% did not yield any crystals and
the remaining 40% yielded crystals too small for X-ray analysis or produced data

of poorer quality than the best earth- grown.

The USML-1 (United States Microgravity Laboratory) mission, June 1992, was
launched specifically to conduct a variety of materials processing and fluid dynam-
ics experiments in microgravity. Hardware developed for this mission provided
several additional capabilities than previously available. These included the abil-
ity of human intervention to set up and run experiments with a real time down
link to the ground based investigators. This allowed observation and suggestions
to be made to improve experiments as they took place. Thirty three proteins were
used for crystallization™ resulting in larger crystals with more uniform morpholo-
gies yielding diffraction data to significantly higher resolution then the best earth

grown.”

Chicken egg white lysozyme and an acidic phospholig; Ag were crystallized un-
der 13 days of microgravity on a Chinese unmanned mission, August 1992.%
The microgravity samples produced larger crystals with many microgravity-grown
lysozyme crystals displaying dimensions ranging from 1.1 to 1.4 mm whilst few
earth-grown controls exceeded 1.1 mm. The microgravity-grown crystals of acidic
phospholipase Ay were typically 5 to 7 times larger than their earth-grown coun-

terparts. In both microgravity samples fewer crystals were produced than on
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earth. The earth-grown phospholipase crystals are usually long hexagonal prism
type crystals, the microgravity-grown crystals produced were shorter and bulkier.
The microgravity-grown crystals diffracted to higher resolution than the ground
controls, the lysozyme producing more significant diffraction data especially at

the higher resolution ranges (up to 1.6 A).

Of course the microgravity crystallization results represent a small data popula-
tion relative to the the best crystals produced by any method on earth often over
many years or decades. Optimisation of conditions for microgravity crystalliza-
tion takes time and opportunities are still limited. Our flight opportunities have
been with the Furopean Space Agencies (ESA) Advanced Protein Crystalliza-
tion Facility®* 222 (APCF). At the time of writing this has been flown three times
on the Spacehab-1 mission, the International Microgravity Laboratory-2 (IML-
2) mission and the United States Microgravity Laboratory-2 (USML-~2) mission.
The APCF is a new facility and few results have yet been published, the work in

this part of the thesis describes our results with it.
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Crystallization of Lysozyme in

Microgravity

8.1 Introduction

Chicken egg white lysozyme is the standard test material used to investigate
protein crystal growth and nucleation.!® 8% 136,188 T vygazyme is well suited to an
investigation of microgravity crystallization because it is cheap, readily crystal-

lizable and there is an extensive literature of studies and results.

Calculations based on the (110) lysozyme crystal face growth rate!®” predict that
convective flow exists at crystal sizes as small as 10 to 100 pm under earth gravity.
Beginning within this size range the transport of solute ceases to be purely dif-
fusive becoming increasingly dominated by convective flows which transport new
solute to the growth interface. A higher growth rate results in a larger growing
surface which depletes the boundary layer fluid more rapidly resulting in even
steeper density gradients and thus stronger flows.’® These solutial density gra-

dient driven effects are the primary factors in cessation of crystal growth. Hence,
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these studies make lysozyme an ideal case to study what happens when this flow

is not present ie. as generally is the case in a microgravity enviroment.

8.2 Apparatus for Crystallization in Micrograv-

ity

The Advanced Protein Crystallization Facility3® 222 (APCF) has been constructed
by Dornier GmbH under contract to a European Space Agency specification.
Three types of crystallization method are available in the APCF, namely, dialy-

sis, liquid-liquid diffusion (free interface) and vapour diffusion (hanging drop).

Liquid-liquid diffusion requires the placing of a physical barrier between the pro-
tein and precipitating solution during ascent of the Shuttle. Once the barrier is
removed and growth starts crystals can appear throughout the reactor. The in-
cidence of crystals throughout the whole reactor causes problems with diagnostic
monitoring of the crystallization as a large volume has to be monitored by any
diagnostic technique. Vapour diffusion methods need to protect the crystal con-
taining droplets from being jostled in the vapour chamber when being exposed
to reentry and earth gravity. This is accomplished by pulling the droplet back
into a syringe. This physical manipulation of a droplet containing fragile pro-
tein crystals increases the risk of damage to the crystal before it reaches earth.
Vapour diffusion (hanging/sitting drop) may also suffer Marangoni convection.'”
Marangoni convection results from surface tension gradients (due to the surface
area of the drop) induced by temperature gradient or concentration gradients that
generate surface flows which may spread to the whole volume. Marangoni effects

are independent of gravity and are the main source of convection in microgravity

8.2. App aratus for Crystallization in Microgravity
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174

experiments' ™ where there is a liquid vapour interface.

Dialysis crystallization offers several advantages over other methods?'® of crystal-
lization. The bubble free liquid acts as a protection for the fragile crystals (the
crystals need not be manipulated until X-ray diffraction experiments are about
to be carried out). Visual monitoring is easy to implement with crystals growing
only on the protein solution side of the dialysis membrane. Ions and soluble small
molecules as well as water can easily be exchanged. Ground control experiments
are easy to carry out as control of the crystallizing conditions is dependent only on
the dialysis membrane. To preclude the effects of Marongoni convection, and for
the above reasons, we have made use of the dialysis reactor for our experiments

rather than the liquid-liquid or vapour diffusion reactors available.

The dialysis reactor, shown schematically in figure 8.1 and pictured in figure 8.2,
consists of two quartz glass blocks with one cuboid volume for the protein solu-
tion and one cuboid volume for the salt solution and a small volume for buffer
solution. The buffer and salt solution volumes are separated by a rotatable plug
with a “I” shaped channel containing salt solution. This channel ensures that the
salt solution in the plug and that in the salt volume are kept in contact. The pro-
tein and salt solution volumes are sealed with silicon O rings and vacuum grease.
In each volume there is a small air gap between the solutions and the chamber
covers created by a special silicon seal and dialysis membrane to provide com-
pensation for small volume changes that might arrise due to slight temperature
deviations. The protein chamber has plane surfaces permitting distortion free
optical observation. Metal inserts allow fixation of the cover plates and rotation

of the plug.
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Figure 8.1: Schematic diagram of ESA’s APCF dialysis reactor

Figure 8.2: Photograph of the dialysis reactor
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A dialysis reactor system has many components thus increasing the possibility of
bacterial contamination. The system also has to be leak-proof and bubble free.
All the liquids filling the reactor must be degassed. With these concerns in mind
the reactor design readily allows for cleaning, sterilization, and leak tightness. A

further design feature is easy optical observation.

During the preprocess phase the salt and protein solution are kept separated.
To start and stop the process the plug is rotated by 90° so that all volumes
come into contact. This is achieved, in fact, by the simple press of a button on
the outside of the APCF. Several sizes of protein, buffer and salt volumes are
available. The reactors are filled according to a detailed procedure. Because of
the remote possibility of the apparatus being exposed to vacuum all the solutions
are degassed by prior boiling under vacuum conditions before being used to fill

the reactors.

With the APCF 48 reactors in total are accommodated in an insulated chamber,
figure 8.3, kept at constant temperature (20° & 0.1°) with Peltier elements. The
reactors are mounted on four mechanical drives, two groups of six reactors, each
drive allowing simultaneous activation and deactivation of reactors. A movable
CCD camera (582 lines with 500 pixels per line) is installed such that twelve
reactors can be monitored, 6 reactors can be observed with a narrow field of view
(4.9 mm x 3.7 mm) and 6 reactors with a wide field of view (8.5 mm x 6.4 mm)

system of optics.

Illumination is provided by an 850 nm polarized LED with an analyser that can
be rotated during the mission. The video images are digitised and recorded on

‘Exabyte’ tape together with facility data eg. internal temperatures from several
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Figure 8.3: Photograph of APCF with the process chamber open. Visible are 18
reactors and internally the camera drive with 6 reactors. In total there are 48
reactors, two sets of 18 and two sets of 6.

probes, power consumption etc.

8.3 Previous Work on Lysozyme Crystal Per-

fection: The Spacehab-1 Mission

The initial experience of the Manchester group was gained from the Spacehab-1
mission.246, 248 In this case dialysis reactors were used with 21 mg of lysozyme
(3 x crystallized, dialysed and lyophilized powder of chicken egg white lysozyme)
dissolved in 250 /d 0.04 M acetate buffer (pH 4.7) to fill the protein volume.
The salt volume was filled with 1.35 M NaCl and the buffer volume with 0.04

M acetate buffer (pH 4.7). Solubility under these conditions is given asl36 « 2
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Chapter 8. Crystallization of Lysozyme in Microgravity 172

mg/ml therefore the solution is at a supersaturation level of 42 times or greater.
Sodium azide was also added as an anti-fungal agent (1.92 x 1073 mg per 188 ul).
The effects of sodium azide on crystal growth have been investigated! showing
that the rate of crystal growth seems to be increased. Addition of anti-fungal
agents prevents ageing effects in the solution® reducing nucleation which would
otherwise produce many more smaller crystals (a result we have been trying to
avoid). Identical solutions were utilised for the microgravity mission and for the

ground-control experiments in all the Manchester work described in this thesis.

Laboratory trials prior to the Spacehab-1 mission had yielded crystals growing
on the walls of the protein volume which led to difficulties in harvesting usable
crystals. To overcome this problem the protein volume was siliconised: 10 minutes
siliconisation treatment for the Spacehab-1 flight reactors and 5 minutes for the
ground control reactors - 10 minutes siliconisation on the ground control reactors
had led to sedimentation but this would not be a problem for the microgravity
reactors. Treatment for 5 minutes was a reasonable compromise as any crystals

grown on the wall could be harvested with only a small risk of crystal damage.

The microgravity crystallization time available was 7 days and 10 hours on the
Spacehab-1 mission. Due to a launch delay with the STS-57 shuttle carrying the
Spacehab-1 mission the reactors stayed in a preprocess state (protein and salt
solution separated) for 28 days. During this time precipitate was observed in
some of the reactors. As this was more noticeable in the flight reactors than in
the ground controls it was decided that the reactors for the mission should be
swapped. The mission launched on June 21st, 1993, carrying one APCF unit with
another used as the ground control unit. Manchester had 4 out of 48 reactors

allocated in each facility. CCD video monitoring was to be available on one of
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our reactors but there was a failure of this in the microgravity reactor during the

flight so only ground-control images were available.

The resulting crystals for both the mission and the ground-control experiments
were of an average size 0.8 mm along the longest dimension. The reactors sub-
jected to microgravity showed 80% of the crystals growing on the walls with the
rest on the top and bottom membranes. The reactors used as the ground control
suffered from sedimentation and only 10-20 usable crystals could be obtained

from the four reactors.

Evaluation of the crystal perfection was done via Laue diffraction spot size mea-
surement with a tightly slitted down beam and a very long crystal to film distance
(2.37m) on station 9.5 of the Daresbury SRS. Three microgravity grown and two
earth grown crystals were analysed. Microgravity crystals were found to have
rocking widths three times smaller than the earth grown controls, ie. 0.0012(3)°

at minimum compared to 0.0032(1)° respectively.

Some 5 months later further tests of crystals from Spacehab-1 and the ground
controls were done at the Laboratorie Utilisation Rayonnement Electromagne-
tique (LURE) with monochromatic rocking width measurement techniques. The
values obtained there, from 11 microgravity crystals and 9 earth grown crystals,
were 0.0091°(£0.0025°) cmed 0.0130°(+0.0050°) respectively. It is possible that
the mounting of crystals in Manchester prior to travel to LURE was not ideal.
All subsequent work has involved opening reactors and mounting of the crys-
tals at the synchrotron to remove this factor from consideration. More detail of
the Spacehab-1 work can be found in Helliwell et al. (1995)3° and Weisgerber
(1993).246

8.3. Previous Work on Lysozyme Crystal Perfection: The Spacehab-1 Mission




Chapter 8. Crystallization of Lysozyme in Microgravity 174

8.4 The IML-2 mission

The IML-2 mission was scheduled to have a longer duration than the previous
Spacehab-1 mission, ie. 12 days and 11 hours as opposed to 7 days and 10 hours
respectively. In order to take advantage of this the salt solution concentration
was reduced from 1.35 M of the initial mission to 1.26 M so as to prolong the crys-
tallization time. The lysozyme protein used was commercially available (Sigma 3
x crystallized, dialyzed and lyophilized), lot number 111H7010, without further

purification.

Prior to setting up the crystallization solutions in the reactors, the metal and
quartz glass parts of the reactors were cleaned by washing with a detergent solu-
tion and cleansing with distilled water. Sterilisation was then achieved by washing
using a 20% ethanol solution followed by 6 hours in a sonic bath at 20°C filled
with water then 12 hours in a thermostat controlled oven at 60° C. Autoclaving
was not used as, during the first mission, it was found to cause cracks in the
reactors. Silicon seals, O rings and the dialysis membrane were used from fresh

supplies and cleaned using distilled water.

The reactors were filled 8 days before the mission at Giessen in Germany. So-
lutions were made up in the home laboratory with degassed, deionised water.
The lysozyme was added to the buffer just before filling and centrifuged at 1000
rpm for one minute to separate any solid particles. Aseptic techniques were used
throughout both for filling and the later opening and mounting of crystals. The
silicon seals around the piston were degassed in distilled, deionised water and
kept in the degassed, deionised water under airtight conditions until they were

mounted into the reactor. At the time of reactor filling a heat wave was affecting
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the Giessen area with temperatures climbing to 30°C in the laboratory. Identical
reactors were prepared and used as control references in the home laboratory
one day later using the same solutions and lysozyme batch (but at more ambient

temperatures, ~23°C).

The filling process followed a carefully defined procedure, piston and seal were
assembled in the reactor and the salt volume was filled and sealed. Buffer solution
was used to wash out the buffer volume and which was then filled with more buffer
solution. The dialysis membrane was inserted and the protein volume placed onto
the bottom part of the reactor. Finally the protein chamber was filled and sealed.
All filling was carefully monitored. The joints between the two parts of the reactor

and cover-plates were tightened to an exact torque.

The reactors were subsequently transported to Kennedy Space Center in temper-
ature controlled boxes at 20°C. The earth-control reactors were kept in insulated
chambers within the home laboratory with no active temperature control (both
APCPF’s were flying on the mission and no additional facility was available as a
ground control). Before the reactors were inserted into the APCF facility, and
handed over to NASA, photographs were taken of the protein reactor chambers.
There was no sign of any crystal formation before the mission. The mission
launched on 8th July, 1994, and performed as expected setting a then record for
the longest Space Shuttle mission to date, nearly 15 days. CCD monitoring of
the growing crystals took place (figures 8.4 and 8.5). The video showed the first
crystals appearing at approximately at 37 hours after activation of the reactor.
The CCD camera scans 12 reactors in turn so there is a time lapse of 8 hours and
40 minutes between exposures. The final image was recorded at 296.32 hours,

after which the reactor was deactivated. Two initial images were made with laser
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illumination to look for nucleation scattering but none was present at the obser-
vation time. The software operates in such a way that once LED illumination is
activated for CCD observation the laser cannot be reactivated. The CCD images
record not only the protein chamber but also the chamber temperature, time and
number of the exposure making it possible to obtain a measure of the growth

rates by simply measuring the crystal size directly from the image.

A polarizer is fitted between the LED and CCD which can be rotated to enhance
the contrast, improve the quality of the images and make observation of the
birefringence possible. The rotation of the polarizer is programmed into the
software before the mission and its effects cannot be monitored until the APCF

data tapes are examined after the mission.

8.5 Results

Exceptionally nice tetragonal crystals were produced, figure 8.6, in terms of mor-
phology and size, average size 1.8 mm along the longest dimension with a maxi-
mum size of 2.5 mm. The ground control crystals, with identical materials were
smaller, 0.6 mm on average, 0.8 mm at maximum. Sedimentation and clumping
were not in evidence for the microgravity-grown tetragonal lysozyme crystals but
had occurred in the earth-grown case. Interestingly, in the microgravity reactors
exceptionally beautiful orthorhombic crystals grew eg. even out of the face of a

tetragonal crystal (figure 8.12).

The CCD camera images showed a good example of the microgravity growth of

the (110) face of a tetragonal lysozyme crystal. This growth is plotted over time

8.5. Results
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(a) 36:54 hours (b) 45:34 hours

(c) 54:11 hours (d) 62:52 hours

Figure 8.4: Video images of tetragonal lysozyme, clearly showing the 110 face,
of a growing tetragonal lysozyme crystal (top right) in a microgravity reactor at
times of (a) 36:54 hours, (b) 45:34 hours, (¢) 54:11 hours and (d) 62:52 hours
during the IML-2 mission
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(a) 71:29 hours (b) 80:10 hours

(c) 88:51 hours (d) 296:32 hours

Figure 8.5: CCD video images of tetragonal lysozyme, clearly showing the 110
face, of a tetragonal lysozyme crystal (top right) in a microgravity reactor at
times of (a) 71:29 hours, (b) 80:10 hours, (c) 88:51 hours and (d) 296:32 hour
(near the end of the mission prior to descent).
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Figure 8.6: Photograph of typical tetragonal crystal produced on the IML-2
mission. Crystal length, along the longest dimension, 2.5 mm
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in terms of length and width of the face, figure 8.7. Initially the face propagates
in a rhomboid shape with the edge of the other perpendicular (110) face becoming
visible at the 80.10 hours point. The crystal has grown so as to preserve the habit
and edge ratio evident at the earliest stage of visibility. Ultimate shape appears
to be determined at, or shortly after, nucleation.
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Figure 8.7: Plot of the growth of the (110) face over time (length and width)
under microgravity conditions

The CCD system is not ideally suited for measuring growth rates as the images
are only recorded approximately every 8 hours and 40 minutes from each reactor
in the APCF. With the narrow field of view optics used in this case only one
crystal could be observed in detail. Because of the small depth of field, several
exposures were taken at different focus positions within the protein chamber to

ensure that any crystals visible would be in focus. Wide-field-of-view optics would
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provide more visible samples but an overall loss in detail. Additionally, due to
the larger depth of field a reduced number of exposures at different focus points

would be required decreasing the sampling time between reactor observation.

The growth rate for tetragonal lysozyme is defined® by;

G=x=22 (8.1)

where dL4/dt is the rate of change of the width of the (110) face in time. Fig-
ure 8.8 illustrates the (110) and (101) faces seen on tetragonal lysozyme. Plotting
the rate of change of growth, figure 8.9, shows an initial peak of growth rate fol-

lowed by a decline then several further peaks.
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Figure 8.8: Illustration of the (110) and (101) faces of tetragonal lysozyme

The growth rate has been calculated by using the difference in half width over
the difference in time (equation 8.1). Unfortunately the low CCD picture rate

means there are few sampled points; nevertheless, it is interesting that the growth
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Figure 8.9: Plot of the growth rate over time under microgravity conditions

process seems to start and stop at intervals (figure 8.9). Crystal growth has been
previously observed to occur in spurts and stepsl47 in ground based experiments
but not with ground controls in this case. Large crystals tend not to be obstructed

by smaller crystals but simply continue growing and push them out of the way. 147

Of particular note with the flight reactors was also the presence of orthorhombic
crystals, albeit in a minority, with the expected tetragonal group, figure 8.10.
Two distinct types were in evidence, clumps of orthorhombic crystals (maximum
length approximately 1.0 mm), figure 8.11 and single ‘needle’ shaped crystals
(up to a length of 2.1 mm) extruding from the surfaces of a minority of the
tetragonal crystals, figure 8.12. No orthorhombic crystals were present in the

ground control reactors. Ground studies have shownl147 “very few if any” cases of
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crystals in./t i ating and growing from the surface of another. In ground studies
all aggregates observed tended to originate from nuclei that came together due
to gravity or from solution currents present in the samples. Here the clumping

occurs under microgravity conditions and remains to be explained.

8.6 Discussion

The Value of CCD observation

The value of CCD observation as a diagnostic for protein crystal growth is well
illustrated, even in this non-ideal case, where a limited amount of data has still
produced some useful quantitive results. It is of no surprise then that CCD

monitoring systems are being fitted to other crystallization facilities.?%3

Crystal Growth Rate Observation

If we are to understand the crystal growth rate in microgravity it is useful to
describe calculations aimed at relating the growth rate (based on concentration

of available protein32 8 97)

to the rate limiting step involved.?? % On earth and
in microgravity this rate limiting step may well be different. Screw dislocation
control® is unlikely to be important in crystal growth as calculated values exceed
the diffusion limited rate even at very low supersaturation. Theory®’ has pro-

duced two equations for the growth rate limiting steps of diffusion control and

surface nucleation control. According to the diffusion control equation,
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Figure 8.10: A photograph of the reactor at the end of the IML-2 mission. Width
of the reactor is 5 mm
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Figure 8.11: Clumps of microgravity grown orthorhombic crystals. Maximum
length of the crystals making up the clump is approximately 1 mm
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Figure 8.12: Needle shaped microgravity-grown orthorhombic crystal extruding
from tetragonal crystal. Length of needle shown is 2.1 mm
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c—s)
t

G=Dv(

(8.2)

where t is the depletion layer surrounding the crystal, D the diffusion coefficient,
¢ concentration of solution in molecules cm ™3, s the saturated concentration, and
v the molecular volume, the growth rate is proportional to the concentration
of protein (assuming it is much greater than supersaturation) and the diffusion
coefficient. The surface nucleation control equation has a similar dependence on
protein concentration and diffusion but is dominated by the final exponential

term;

G = 1.7 Dd(c — s)3 exp (51—6_2_7:—77:1/?0/3_)) (8.3)

Where d is the molecular diameter, v the molecular surface energy of the crystal
solution interface, k the Boltzmann constant and T the temperature. With fur-
ther experiments utilising different concentrations and/or fundamental measure-
ments of the properties of lysozyme it is possible to describe the growth process
in terms of the rate limiting step in microgravity by fitting these equations to
the available data. A dependence of growth rates, of tetragonal lysozyme, on su-
persaturation has been seen.® This suggests that growth occurs predominately
by a lattice defect mechanism at low supersaturation and by two dimensional
nucleation at moderate to high supersaturation. In two dimensional nucleation
layers are added to the crystal by nucleation, spreading and eventual merging
of the two dimensional clusters of molecules on the surface. Additionally, at
supersaturations above 1.6, growth of a lysozyme crystal has been observed by

laser Michelson interferometry to occur by surface nucleation.?®® These growth
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limiting step equations do not explain the spurts of growth, as we have observed

(figure 8.9).

The observation of several spurts and lulls in the growth rate is interesting and is
not seen to occur in similar earth based experiments by ourselves and others.!”
Here it must represent “regularly occurring” interruptions to growth. These in-
terruptions may be related to periods of short gravitation jitters or maybe the
formation of successive mosaic blocks (see chapter 10) in the crystal (energy to
create a grain boundary) or different rate limiting steps being applied. Further in-
vestigation needs to be carried out into this. It has been shown with lysozyme®
that the faster crystals grow the larger number of them and the smaller their
terminal size. Crystals that have reached terminal size, when cut into spatially
separated pieces grow to approximately the same terminal size with re-growth
occurring on the freshly exposed surfaces. A possible cause of growth not occur-
ring on the “old” surface may be the poisoning of favourable growth sites on the
surface by impurity.*® Laser scattering tomography of the orthorhombic form
shows that the number of micro defects greatly increases from the centre toward
the surface.?%> In this case surface impurities may be the cause of growth cessa-
tion but if so it would seem that these impurities occur more quickly in the earth
grown crystals due to their smaller size. It has been shown with lysozyme that
protein impurities present in ground control studies are reduced or eliminated
entirely in the microgravity case.!®® This may be a process that is being seen

here.

The growth rate plotted here, figure 8.9, is very similar to an oscillation function
with exponential damping, growth rate very quickly reaching zero. Figure 8.9

suggests then, that if, by some form of more sensitive monitoring, growth had
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been terminated at 100 hours, a more perfect (albeit smaller) crystal would have

resulted.

Towards an explanation of orthorhombic lysozyme crystal

formation

Chicken egg white lysozyme undergoes a phase transition at =25°C with the
crystallographic result that orthorhombic rather than tetragonal crystals are pro-
duced.?® The specific temperature of this transition is a function of salt concen-
tration and pH. Crystal growth studies indicated a time dependence in the phase

change.?

Protein solution stored at high temperatures still gave orthorhom-
bic crystals upon cooling then crystallizing. Thus a majority impurity may be
lysozyme itself but in the high temperature or physiological form. It would seem
possible that the high temperatures encountered during filling in Giessen (30 °C)
caused this critical temperature to be reached in the solutions as the only cooling
available was the fridge in which the lysozyme was stored. The solutions had
cooled for filling the next day in Manchester. If this were true it implies that

heating for a brief period of time (the reactors were kept at 20° once filled) sets

a proportion of lysozyme in the solution to crystallize in the orthorhombic form.

Lysozyme growth units are larger than monomers'”® and hence there is a preclus-
tering in solution (above supersaturations of 22 mg/ml aggregates larger than
dimers are present in solution®!), indeed tetragonal lysozyme growth has been
shown to occur by addition of aggregates preformed in solution.!®® The unit cell
of tetragonal lysozyme crystals is an octomer?® and there is evidence that oc-

tomers are present in supersaturated lysozyme solutions.?® Electron microscope
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measurements have revealed that the single step height on a growing tetrag-
onal lysozyme crystal face corresponds to that of an octamer unit cell.¥% In
the lysozyme solution there exsists monomers, dimers, tetramers, octamers and
higher order aggregates distributed in quantity as a function of temperature and
concentration.'™ At supersaturations and/or low temperatures the higher order
aggregates predominate.3® 17 176 A gaturation and/or higher temperatures the
lower order aggregates predominate in the lysozyme solution.3% 189 251,252 The
unit cell of the orthorhombic lysozyme crystal is a tetramer.'® 24 It is therefore
not surprising at higher temperatures (where the higher order aggregates (eg. oc-
tamers) are reduced) that orthorhombic crystals are formed. If the tetragonal
form obtained at 20 °C is sealed and held at 40 °C the crystals dissolve and with-
out change in pH, ionic strength or protein concentration a transformation into
the orthorhombic form is observed.?® The orthorhombic crystals remain stable
in mother liquor from -4 to 60 °C whereas the tetragonal ones disappear as soon
as room temperature exceeds 25 °C. This gives rise to the question of whether
tetragonal lysozyme is a meta-stable form with orthorhombic being the stable

form. In wvivo all chemical reactions in birds take place at about 40 °C.

Dramatic shifts can be observed® in the catalytic properties of lysozyme over
temperature changes of a few °C and it is therefore not surprising that there
would be an accompanying change in the crystal form even though the net struc-
tural changes are small** (the root mean square differences in the coordinates of
the corresponding backbones are only 0.46 A). There are some appreciable local
differences involving the main and side chains on the surface but in general these
arise from different modes of packing in the two crystal forms. Orthorhombic

lysozyme is particularly stable at tetragonal temperatures whilst the reverse is
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apparently not true.?

It is not possible to say whether the orthorhombic form has crystallized at the
same time as the tetragonal crystal or even if they grew in microgravity be-
cause CCD video observation was limited to one portion of one reactor with the
narrow-field-of-view optics. The initial supersaturated solution favours nucle-
ation and, at the point where the tetragonal crystals have finished their growth,
the supersaturation level is going to be much lower, favouring growth under earth
gravity conditions. In a dilute mixture of two crystal forms the transfer of solute
molecules from the higher to the lower solubility form (less stable to more stable)
will be a function of the surface areas, diffusive paths and detachment and attach-
ment kinetics. For lysozyme crystals at low solute concentrations these would all
be rather slow processes.?® It seems unlikely, because of the orthorhombic crys-
tals size, that they grew between the Shuttle de-orbiting and photographing of

the crystals a few hours after they had landed.

A potentially key point is that there were differences in the ground control and
microgravity conditions. At present there exists only two APCF facilities and one
engineering model used for equipment and software development. Both APCF
facilities flew on the IML-2 mission so no ground control APCF facility was avail-
able (unlike the case for Spacehab-1). Hence for IML-2 the laboratory controls

were grown in an insulated chamber which minimised temperature changes to

approximately £2°C but did not have the temperature stability of the APCF
(£0.1°C).
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8.7 Summary and Main Findings

The IML-2 mission produced exceptionally beautiful microgravity-grown crystals
of lysozyme with average size 1.8 mm along the longest dimension compared to
0.6 mm for the earth-grown controls. Of note in the microgravity-grown crystal
reactors was the formation of two types of orthorhombic crystals, single needle

type and clumped groups.

The CCD observation system employed has proved effective for monitoring the
growth process, albeit with limited exposures. The growth itself has displayed
interesting characteristics with the spurts and lulls in the process not present in

similar earth based experiments.

We have highlighted the high ambient temperatures at the time of filling the
microgravity reactors as a possible source of the orthorhombic microgravity-grown
crystals. The effect of microgravity on the aggregation of protein molecules in
solution is another possible source of the tetramer formed orthorhombic crystals

and looks to be an exciting area for future investigation.

8.7. Summary and Main Findings




Chapter 9

Diffraction Characterisation of (IML-2)

Microgravity Grown Crystals

9.1 Introduction

Initial experience with the evaluation of microgravity grown crystals from the
Spacehab-1 mission provided evidence of very much reduced mosaic values.?48: 246
Further experiments at LURE some 5 months after the return to earth apparently
showed a degradation in the crystal quality?*” although the microgravity crystals,
on average, still appeared to be better. This seemed to be due to ageing effects,
which might be expected with some proteins even if simply by denaturation of
the molecule. Later the LURE results were attributed (based in fact on the
work done and reported in this chapter) to the mounting of crystals in the home
laboratory a few days before use and subsequent travel to the synchrotron. This
initial work allowed planning of the IML-2 crystal evaluation to be carried out.
The likely mosaic values to be obtained having been previously calculated on

theoretical grounds.'?

193
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The diffraction characterisation of the IML-2 crystals was carried out at the
BEuropean Synchrotron Radiation Facility (ESRF). Initial studies were carried
out on the Laue beamline!*® (BL-3) three months after the return to earth of
the crystals. Monochromatic studies were then made on the Swiss-Norwegian
beamline of the ESRF a further three months after the ESRF Laue studies.
These two diffraction methods are complementary. The Laue method allows
a rapid sampling of the reciprocal space and monochromatic methods allow a
detailed study of individual reflection profiles. The IML-2 results, especially
the ones some six months after return to earth, show that tetragonal lysozyme
crystals grown in microgravity have 3-4 times lower mosaicity than earth-grown

controls. These results agree then with the results from Spacehab-1.

9.2 Evaluation of Crystal Perfection with the

Laue Method on ESRF BL-3

Beamline 3 of the ESRF is a station optimised for Laue diffraction work.'*® For
the experiment, initially one reactor was opened for crystal harvesting whilst the
beam was being aligned. There were problems mounting these crystals. The large
size of the crystals necessgitated capillary diameters of 2.5-3.5 mm. These have
a smaller wall thickness to diameter ratio than the more typically used capillary
sizes (eg. 1 mm or less). These large, standard glass capillaries, proved very fragile
and suffered a high failure (breaking) rate during mounting (approximately 20%
were usable). Furthermore micro-cracks in the capillaries that initially appeared
undamaged, unfortunately caused the crystals that could be mounted to dry out

over a period of time. Another “unwanted” effect of using such large capillaries
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was that they used up a lot of mother liquor during mounting. No artificial
mother liquor was used for the IML-2 mission in case this affected the quality
of the crystals (this had been used in the case of the Spacehab-1 mission for
crystals that were measured at LURE). Consequently only three to four crystals

were available at most from each reactor for experimentation.

Laue exposures were made onto X-ray sensitive film situated 2120 mm from
the crystal. The beam was trimmed down to obtain a very low divergence (0.01
mrad horizontally and 0.01 mrad vertically). The crystal initially mounted proved
unusable because of drying out and a second reactor was opened but these crystals
also suffered drying out within the large glass capillaries. Also, station alignment
took longer than expected and the crystals had to be left for some time before

use.

An orthorhombic crystal from one reactor was also mounted and several Laue
exposures made onto CCD. Data processing of these confirmed the crystal was
orthorhombic and that the needle shape was not a result of differential growth
rates between the 110 and 101 faces.®* This needle shaped crystal was, fortu-
nately, able to be mounted in a 0.5 mm diameter capillary. Consequently, in this

case, no crystal drying out was experienced.

9.2. Laue Method Crystal Perfection Evaluation
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9.3 Evaluation of Crystal Perfection by Mono-

chromatic Methods

Equipment

The ESRF Swiss-Norwegian beamline has a Huber % circle diffractometer from
the University of Karlsruhe on station A, figure 9.1. The primary role of this
diffractometer has been for the direct determination of triplet phases.'3% 245 The
instrument contains two circles (@, v) for the detector with axes perpendicular
to each other and four circles for the crystal motion. The first crystal axis is
parallel to the first detector axis (w — 26 relation). Perpendicular to the w axis a
second axis for the 7 rotation is installed. This ¢/ axis bears an Eulerian cradle
with motions x and ¢. Thus an arbitrary scattering vector A can be aligned with
the 7 axis and a 1 scan (ie. rotation arkound a reciprocal lattice vector for any
hkl) performed by moving only one circle (with a consequent improvement in

accuracy). All circles are driven by computer controlled stepper motors.

The instrument resolution function (IRF’) is calculated at 0.00195° from equa-
tions 7.4 to 7.6, page 160, with source to instrument, P = 45 m, Bragg angle of
monochromator, #5 = 9.18°, vertical beam source size, 2.30 = 200 pum, relative
wavelength range, §A/\ = 2 x 10™* and sample dimension (from collimation) of
C, = 0.6 x 107® m. The station utilises a double crystal Si{(111) monochromator.
This diffractometer has a very fine step size of 0.0001° enabling very high angular
resolution scanning of rocking widths. The beamline is on a bending magnet of
the ESRF 6 GeV synchrotron and so is an intense, collimated, source of X-rays

especially at short wavelength like 1 A.

9.3. Evaluation of Crystal Perfection by Monochromatic Methods
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Figure 9.1: ip circle diffractometer used for data collection showing capstan shield
in place. Photograph kindly supplied by Dr. P. Pattison of the Swiss-Norwegian
beamline, ESRF

Experimental

Measurements were made on one earth-grown control crystal and on three
microgravitv-grown crystals. The ground control crystal (0.7 x 0.6 x 0.5 mm3)
was mounted in a 1.0 mm diameter glass capillary. Because of the accuracy of the
diffractometer the sample was mounted with somewhat less mother liquor than
normally used for mounting to prevent any slight motions when a capillary is
rotated. Thermal vibrations in the hutch also cause motion of a capillary which
had been seen previously in direct phase determination experiments. A capstan
shield was used to shield the capillary from thermal vibrations, figure 9.1 (It is

interesting to wonder if shielding like this in general may improve the overall

9.3. Evaluation of Crystal Perfection by Monochromatic Methods
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quality of data as this slight motion must be reflected in the diffracted intensities

to some small extent in standard apparatus).

A microgravity-grown crystal was mounted in a glass capillary of 1.5 mm diameter
but dried out quickly during data collection. Micro-cracks were not evident but as
previously mentioned, a less than usual quallliity of mother liquor was used in the
mounting and too little may have been used in this case. A second such crystal
in a similar capillary but with slightly more mother liquor, was used but this
showed signs of the crystal drying out towards the end of data collection, this time
presumably due to mounting in a glass capillary. Finally a microgravity crystal
(1.5 x 0.6 x 0.6 mm?®) was successfully mounted in a 2.0 mm quartz capillary
for which there were no signs of micro-cracks. Data collection (described below)

from this proceeded successfully.

The strategy employed for data collection involved initial measurements of a
small batch of reflections (10 or so) to determine the orientation matrix of the
crystal, necessary to index the reflections (not carried out in the Spacehab-1
Laue evaluation). This was followed by a sequence of measurements of reflections
suitable for triplet phasing in conjunction with repeated measurements of a set of
standard reflections. A high resolution search was readily made with the quartz
capillary mounted microgravity crystal whereby a scan of the (32 57 0) reflection,
of 1.2 A resolution was made. No evidence of diffraction to this resolution was
seen with the earth-grown control crystal and is better than reported ever before

for tetragonal lysozyme to our knowledge (see page 204).
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Results

The ground control crystal exhibited rocking widths ranging from 0.0067° to
0.0169°, calculated at Full Width at Half Maximum (FWHM), table 9.1. In the
case of some reflections a composite structure of the peak was resolved ie. the
reflection was seen to be made up of two or more separate peaks. The rocking
widths of these component peaks were also evaluated at FWHM. Reflections
measured are also listed in table 9.1, those reflections where composite peaks
were observed and measured are indicated with an asterix. Table 9.2 lists the

rocking widths at FWHM from the composite component.

No. hkl value ip angle rocking No. hkl value ip angle rocking

width width
1 470 65 0.0069 16 776 65 0.0130
2 470 65 0.0075  17* 776 -162 0.0118
3 -470 65 0.0075  18* 008 0 0.0100
4* -2 3-2 -162 0.0112  19* 008 -45 0.0100
5* 2-3 2 162 0.0118 20 008 45 0.0124
6 16 16 0 0 0.0167 21 16 16 0 0 0.0159
7 16 16 0 45 0.0126 22 16 16 0 -45 0.0118
8 16 16 0 -45 0.0143 23 16 16 0 45 0.0139
9% -16 16 0 0 0.0124 24 -16 16 0 0 0.0108

10 -16 16 0 45 0.0106 25 -16 160 -45 0.0149
11*  -16 16 0 -45 0.0124 26* -16 160 45 0.0067

g 008 0 0.0124 27* 008 0 0.0118
13 008 45 0.0149 =& 008 -45 0.0118
14* 008 -45 0.0118 29 008 45 0.0169
15 776 0 0.0137

Table 9.1: List of earth-grown crystal reflections comprising rocking width
data (secondary composite value excluded). The sequence number is that used
throughout the experiment run and forms the numbers on the abscissa of fig-
ures 9.2 and 9.3. The * denotes that it was possible to derive a secondary FWHM
value from the angularly-resolved component structure of the reflection

9.3. Evaluation of Crystal Perfection by Monochromatic Methods
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No. hkl value ip angle rocking No. hkl value # angle rocking

width width

4 -23-2 -162 0.0112 5 2-32 162 0.0138

-16 16 0 0 0.0101 10 -16 16 0 45 0.0081

11 -16160 -45 0.0091 12 008 0 0.0131

14 008 -45 0.0098 17 776 -45 0.0116

18 008 0 0.0122 19 008 45 0.0072

26 -16 160 -45 0.0114 27 008 0 0.0122
28 008 45 0.0095

Table 9.2: List of earth-grown control crystal (composite reflection) rocking width
data

The first microgravity-grown crystal mounted in a glass capillary did not give
useful results. The second crystal, again in a glass capillary, exhibited rocking
widths ranging from 0.0056° to 0.0213°, with the rocking width increasing toward
the end of data collection evidencing crystal drying out, as indicated in figure 9.2.
Table 9.3 shows the reflections measured and the corresponding rocking width

values.

The third microgravity-grown crystal, mounted in a quartz capillary (which does
not seem to exhibit the property of micro-cracks), gave rocking widths in the
range 0.0019° to 0.0106°. A plot of these rocking widths (table 9.4) is shown
against the earth control data (table 9.1) in figure 9.3. These were clearly im-
proved over the earth control values. By plotting the distribution of the rock-
ing width values, figure 9.4, it is seen that the average rocking widths for the
microgravity-grown crystal is approximately three times less than those of the

earth-grown. In this figure the separated rocking widths of the composite peaks,
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No. hkl value ip angle rocking No. ip angle rocking
width width

1 470 -170 0.0059 2 4-70 -170 0.0069

3 -6 -9 6 -174 0.0077 4 -6 -9 -6 0 0.0081

5 69-6 -174 0.0118 6 -1-62 179 0.0056

7 16-2 179 0.0130 8 571 170 0.0042

9 27-1 -141 0.0073 10 27-1 -141 0.0086

11 2-71 -141 0.004 8 12 571 170 0.0044

13 571 170 0.0057 14 332 179 0.0045

15 3-3 2 179 0.0073 16 321 176 0.0061

17 3-2-1 176 0.0061 18 22 8 1 140 0.0142

19 231 180 0.0056 20 2-3-1 180 0.0052

21 6 0-4 167 0.0073 22 -6 04 167 0.0102
23 515 180 0.0110 24 5-1 -5 180 0.0090
25 -32-2 171 0.0175 26 3-2 2 171 0.0151
27 -2-34 176 0.0187 28 23-4 176 0.0163
29 174 4 0.0166 30 -1-7-4 4 0.0199
31 470 -170 0.0078 32 470 -170 0.0069
33 4-70 -170 0.0082 34 6 7-4 -161 0.0151

Table 9.3: List of microgravity-grown crystal reflections comprising rocking width
data using a glass capillary for mounting

as listed in table 9.2 are also shown. Even the resolved components of the earth-
grown crystal reflections do not match the bulk of the values for the microgravity-

grown crystal reflections.

A special strength of this work is the chance to explicitly compare the identical
hkVs from each crystal type. Such a comparison is illustrated in the 0 0 8 and 7 7
6 reflections, shown in figures 9.5 and 9.6. Three scans are shown in each case at
ip angles of 45°, 0° and -45° respectively. The half maximum of each component of
the reflection has been evaluated in each case where there is either no appreciable
composite structure or the composite structure can be resolved separately from

the main peak. These are indicated in the figures by a short horizontal line with
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No. hkl value ip angle rocking No. hkl value ip angle rocking

width width
1 16 16 0 0 0.0017 2 16 16 0 45 0.0022
3 16 16 0 -45 0.0039 4 16 -16 0 0 0.0096
5 16 -16 0 45 0.0068 6 16 -16 0 -45 0.0069
7 008 0 0.0059 8 008 45 0.0020
9 008 -45 0.0086 10 776 0 0.0059
11 776 45 0.0023 12 776 -45 0.0044
13 740 60 0.0055 14 -7-40 60 0.0025
15 -7-40 179 0.0061 16 3-9 1 179 0.0106
17 7-21 175 0.0038 18 -72-1 175 0.0075
19 19 -3 -5 -180 0.0063 20 -1935 -180 0.0037
21 11 105 -51 0.0050 22 -11 -10 -5 -51 0.0037
23 1398 20 0.0063 24 -13-9 -8 20 0.0037
25 -14-7-3 158 0.0052 26 1473 158 0.0030
27 3-5 -2 169 0.0041 28 352 169 0.0064
29 1-3-7 156 0.0069 30 -13 7 156 0.0044
31 -3 135 170 0.0046 32 3-13 -5 170 0.0088
33 3135 171 0.0061 34 -3-13-5 171 0.0086
35 577 161 0.0057 36 5-7 -7 161 0.0050
37 467 160 0.0042 38 -4 -6 -7 160 0.0039
39 -14-7-3 158 0.0050 40 1473 158 0.0017
41 16 -7 -3 -171 0.0050 42 -16 73 -171 0.0052
43 -10 -15 -3 -180 0.0037 44 10 15 3 -180 0.0075
45 14 13 6 -165 0.0061 46 -14-13-6 -165 0.0032
47 -14-13 -6 -9 0.0059 48 14 13 6 -9 0.0033
49 16 16 0 0 0.0025 50 16 16 0 45 0.0017
51 16 16 0 -45 0.0033 52 16 -16 0 0 0.0059
53 16-16 0 -45 0.0017 54 008 0 0.0037
55 008 45 0.0020 56 008 -45 0.0039
57 776 0 0.0040 58 776 45 0.0010
59 776 -45 0.0037 60 740 59 0.0025

61 -7-40 59 0.0025

Table 9.4: List of microgravity-grown crystal reflections comprising rocking width
data (crystal mounted in quartz capillary).
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Figure 9.2: Rocking widths of microgravity-grown lysozyme crystals mounted in
guartz and glass capillaries. Notice how, for the glass capillary case, the rocking
width is steadily increasing with time.

the corresponding deconvoluted (ie. TRF' deconvoluted out) rocking width. In
each separate case the integrated intensity of the scans are similar as would be
expected when due allowance for the differences in crystal volume is made (the

microgravity-grown crystal being twice the volume of the earth-grown crystal).

It was noticed that the space crystals exhibited far higher peak intensities for
reflections than the corresponding earth grown crystal reflections. Typical reflec-
tions (16 16 0, and 7 7 6) are shown in figure 9.7 plotted on the same axes. The
integrated intensity of the space grown crystal reflection is approximately double
that of the earth grown (corresponding to their relative volumes) but the peak
intensity of the reflections from the microgravity grown are almost an order of

magnitude greater than the earth grown. This is the effect of a narrow rocking
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Figure 9.3: Rocking widths of microgravity-grown and earth-grown lysozyme
crystals. Microgravity crystal (size 1.5 x 0.6 x 0.6 mm®) mounted in a quartz
capillary; earth-grown control (size 0.7 x 0.6 x 0.5 mm?®) mounted in a glass
capillary

width (contributing a factor of 4) and increased crystal size (contributing a factor

of 2).

The scan performed on the (32 57 0) reflection (at 1.2 A resolution) produced
a well defined peak, figure 9.8. Diffraction to further resolution was not looked
for due to beam time and computational limitations. Quite a high background is
shown for the 1.2 A reflection but this could be reduced by a factor of five with
optimisation for high resolution studies.??! No diffraction to 1.2 A resolution
resolution was present in the earth-grown control crystal although a single crystal
sample out of a large quantity (= 40) of vapour diffusion earth-grown lysozyme
crystals (used for triplet phasing experiments during this beamtime) did show

similar diffraction at these resolutions (albeit at much reduced intensities).
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Figure 9.4: Distribution of microgravity-grown and earth-grown lysozyme crystal
rocking widths

9.4 Discussion

The increased peak intensity, far greater than that expected from crystal volume
considerations, yields a much greater signal to noise ratio during data collection
thus allowing weaker reflections to be recorded better with microgravity-grown

crystals than the earth-grown control crystal.

There are a number of reports of enhanced |jo for microgravity grown over earth
grown crystals.160,75 Our results point to the physical basis of why I/cr(7) might
be better. Namely this can be attributed to fewer, more perfectly arranged mosaic
blocks. In turn, this leads to narrower rocking widths. Hence, the peak intensi-
ties of reflections have been enhanced, here by a factor of 4 due to rocking width

alone and a further factor of 2 due to the crystal volume increase. Evidence of a
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Figure 9.5: 0 0 8 crystal reflection, (a) earth grown, (b) space grown.
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Figure 9.6: 7 7 6 crystal reflection, (a) earth grown, (b) space grown.
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Figure 9.8: Reflection (32 57 0) recorded at 1.2A resolution for a microgravity-
grown crystal. The labelled full width at half maximum value has the instrument
resolution function deconvoluted out

resolution enhancement (ie. to 1.2 A and beyond) is promising and would be ex-
pected with consideration of the increased I/cr(7) ratio obtained. This ultimately
points to more detailed structural data being obtained from microgravity-grown

crystals (than earth-grown crystals).

The precise measurement of perfection in this way is relatively new.124, 64,100 In
our large IML-2 crystals there is indeed some evidence of more than one mosaic
block comprising a “sample” in that the measured rocking widths are a good
deal larger than for the smaller Spacehab-1 crystals (see also chapter 10). In
the absence of diagnostic feedback control of the crystal growth process, the

termination of the growth at a crystal size equal to one mosaic block cannot be
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judged at all. Even with more feedback diagnostics it may be well-nigh impossible
to terminate crystal growth as a process (once started) ie. without mounting the
crystal in space ! Nevertheless feedback control, eg. by laser light scattering
to monitor the nucleation stage and interferometry (eg. Snell et al.??) for the
ensuing stages, should clearly allow more insight into the microgravity and earth-
grown crystal growth process. It is not inconceivable that, on earth, procedures
might be routinely developed where more perfect crystals could be grown so as
to match the standard set by the microgravity grown crystals. It must also be
the case that essentially perfect crystals do grow for some or even a large part of
the time on earth. Indeed the evidence of regular vapour diffusion earth-grown
lysozyme crystals, referred to on page 204, would seem to substantiate this with
approximately 1 in 40 crystals displaying much improved diffraction over the

I'eSt.244

9.5 Summary of Main Findings

Rocking width measurements on the microgravity-grown crystals demonstrated
an improvement over the earth-grown control case, 0.0019° and 0.0067° at min-
imum respectively. The reduced rocking width led to an increase in the peak
height of reflections improving the signal to noise ratio for microgravity-grown
crystals. This led to a weak high resolution reflection (1.2 A) being observable

in the microgravity-grown case but not in the ground-control case.

9.5. Summary of Main Findings




Chapter 10

Mosaic Block Structure of
Microgravity-Grown Crystals and X-ray

Topography Studies

10.1 Introduction

X-ray topography involves illumination of a crystal with either a monochromatic
or polychromatic source with detection of the diffraction pattern on a high res-
olution detector. For the work described in this chapter the Lang transmission

technique!®®: 180 (

stationary crystal, stationary film and monochromatic incident
wavelength) is used. A review of this technique and other topographic techniques,
including the use of the Laue method,!? is given by Tanner, 1976.?3% The Lang
technique produces so-called section topographs which are suited to resolving
individual dislocations in less than perfect crystals.” The resulting reflection

topographs produced are direct images of the whole crystal and show varying

contrast throughout a crystal in each spot. Two types of contrast occur, namely
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orientation and extinction contrast. Orientation contrast results from the mis-
alignment between different perfectly diffracting regions (blocks) of the crystal
- one region (block) perfectly aligned will produce a higher intensity diffraction
than the other, misorientated region at any one angular setting of a crystal. Ex-
tinction contrast arises from distortions of the crystal lattice around a defect
giving rise to different diffraction conditions from those in the surrounding lat-
tice of the crystal. Topographs are also very sensitive to crystal surface damage,

stresses and other internal defects.

10.2 Experimental

Lysozyme crystals from the IML-2 mission, described in chapter 8, were mounted
in quartz capillaries for topographic examination. The crystals again presented
problems during mounting due to their large size in that capillary action and
suction were ineffective and a small mechanical force had to be applied to the
edge of the crystal. Experiments with two microgravity-grown crystals and one
earth-grown ground control are described in this chapter. Crystal size was 1.1 X
0.9 x 0.9 mm? for the first microgravity-grown and 1.5 x 1.1 x 1.1 mm? for the
second microgravity-grown crystal. They were each mounted in quartz capillaries
of diameter 2.0 mm. A ground control crystal, size 1.1 x 0.9 x 0.9 mm?, was

mounted in a capillary of diameter 2.0 mm.

The recording of the topographs took place at the Brookhaven National Syn-
chrotron Light Source (NSLS) on beamline X-26C in conjunction with Dr. Vivian
Stojanoff there (as resident topographic specialist). A monochromatic 1 A wave-

length beam and Si (111) monochromator (at an angle of 9.17°) were used with a
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source to instrument distance of 19.5 m. For each crystal a preliminary exposure
was taken on an X-ray sensitive Polaroid (exposure time 600 seconds, crystal to
film distance of 7.5 cm) to determine that a number %f diffraction spots would
be visible on the main topograph exposure, and to verify the crystal diffraction
power. The topograph exposure was then made onto high resolution X-ray sen-
sitive film (Kodak - Industrex film SR5) (exposure time 2000 seconds, crystal

to film distance of 10.0 cm). The process was repeated with the crystal rotated

around the spindle axis by 90°.

Dense packing of the grains in the film means that as uniform as possible de-
velopment must be carried out (6 minutes in 1:1 Kodak D19 developer) with
precise temperatures, deionized water and fresh solutions. The topograph, each
consisting of a single diffraction spot, is recorded at a magnification of unity and
later enlarged optically for viewing and photographic recording; this is then the

topograph for each Akl reflection.

10.3 Results

Only initial qualitative assessment of the crystals have been made so far, owing
to the experiments having taken place very recently but the results even at this

stage are very interesting and worth recording here.

Figure 10.1 shows topographs from the first migrogravity-grown crystal for two

different reflections recorded on the same exposure.

Contrast is visible in approximately one half of the crystal whereas for the other

10.3. Results
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Figure 10.1: X-ray topograph recorded from a microgravity-grown lysozyme crys-
tal for two different reflections. Crystal dimensions 1.1 x 0.9 mm2 (in projection)
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reflection, figure 10.1(b) this contrast is not visible. The contrast seen in fig-
ure 10.1(a) occurs in a plane and is likely to be caused by a mosaic block bound-
ary. Noticeable in the corner of the topograph is contrast which is probably due
to damage caused by the use of some mechanical force for mounting the crystal.
The crystal was mounted in a circular capillary but there does not appear to be
any “continuous” stress caused within the crystal due to interaction of flat faces

with the capillary.

In a topograph from the second microgravity-grown crystal, figure 10.2, several
mosaic blocks can be visualised along with what looks like extensive damage to

one edge of the crystal.

Figure 10.2: X-ray topograph recorded from a microgravity grown lysozyme crys-
tal. Crystal size 1.5 x 1.1 mm?. Five mosaic blocks are visible of size, then, of =
0.5 x 0.3 mm? cross sectional area
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The topograph, figure 10.2 , shows five “perfect” regions (mosaic blocks), approx-
imate area 0.5 x 0.3 m?, with grain boundaries making up the one individual

crystal.

The topographs from the ground control crystal, figure 10.3, show a high density
of defects along the whole crystal rather than individual blocks. It appears to
be ‘crumbly’ in nature rather than showing the definite block structure seen,

especially in figure 10.2.

10.4 Extinction Effects

The intensities measured in X-ray diffraction are related to their respective struc-
ture factors by a kinematical approximation. This makes the assumption that
the incident wave is not affected apart from the results of simple diffraction by
its passage through the crystal. Effects that are not considered are energy trans-
fer within the crystal and destructive interference caused from diffracted waves.
Both these effects are termed extinction. X-ray diffraction is properly described
by dynamical theory. The dynamical theory leads to the kinematical approxi-
mation in the limit of thin or non-absorbing crystals. This can be expressed in

terms of the extinction length® A, given by

A=V 1

(aC) TFalx (10.1)

where V is the volume of the unit cell, a is the classical radius of the electron,

Fy the structure factor and C a polarisation factor. For a crystal with thickness

10.4. Extinction Effects
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(b)

Figure 10.3: X-ray topograph recorded from an earth-grown lysozyme crystal at
two different reflections. Crystal dimensions 1.1 x 0.9 mm?2 (in projection)
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t for the perfect part;

e if t << A the kinematical approximation is valid (even for a perfect crystal)
e if ¢ >> A the dynamical effects need to be considered

e if £ &~ A then both kinematical and dynamic effects are seen

Fourme et al.!% have calculated, from equation 10.1 with C=1 and A = 0.9 A,
the minimum extinction distance for lysozyme as 500 um. In the case of the
microgravity-grown crystals seen here then ¢ & A and dynamical effects need to

be considered.

Primary and Secondary Extinction

The extinction due to dynamical effects, as previously stated, occurs in two ways
termed primary and secondary extinction. Primary extinction occurs due to
destructive interference with the incident and reflected beam. At the Bragg
angle every incident wave can suffer multiple reflections from different lattice
planes. After an odd number of reflections the direction will be the same as the
diffracted beam, after an even number the same as the incident beam. Fach
scattering causes a phase lag of 7/2 thus the un-scattered radiation is joined by
doubly scattered radiation (with much reduced intensity) with a phase lag of =.
Consequently destructive interference occurs. The same result occurs along the
direction of the incident beam. The net result is that both incident and diffracted

beams are weakened because of dynamical effects.

Energy transfer within the crystals is treated with secondary extinction. The

10.4. Extinction Effects
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lattice planes first encountered by the incident beam will diffract a significant
fraction of the primary intensity so that deeper planes receive less incident beam.
This causes a weakening of the diffracted intensity mainly observable for high
intensity low resolution reflections. Secondary extinction is equivalent to an in-
crease in the linear absorption coefficient (negligible for small crystals) and can

be corrected for in data processing.

Perfect and Imperfect Crystals

Crystals used for X-ray diffraction can be described as lying between two ex-

tremes, ideally perfect and ideally imperfect.

An ideally imperfect or “mosaic” crystal is built up of a large number of (small)
blocks which are slightly misorientated with respect to each other. Each block
is in itself perfect but so small that its integrated intensity is proportional to its
volume (ie. extinction effects too small to be noticed). An incident X-ray beam
onto such a mosaic crystal will penetrate deeply before it reaches an identical
orientation mosaic block. In this case the interference effects of primary extinction
become so negligible they are not observed. In an ideally imperfect crystal the
blocks are so small and their disorientation so large that the amount of energy
lost by reflection is negligible compared with that lost by absorption, secondary

extinction is not seen.

In a perfect crystal the dynamical equations show that energy is, in fact, diverted
into the reflected beam but at the same time the angular range of the reflection
becomes exceedingly small. If extinction is large (ie. ¢ >> A there is a resultant

decrease in the integrated intensity observed by routine data collection methods.%®
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However, if ¢ < A then extinction will not be a problem and the unit cells all
line up perfectly to give the strongest possible peak height above background

(cf. undulator magnet shimming !).

Monitoring Extinction Effects

Extinction effects can be monitored by various methods which will be described.

Extinction increases with increasing wavelength®®;

2
Iobs = Icorr l:]- - (P2 =+ %) O)\z] (102)

where I, i1s the observed intensity, I, the corrected intensity, C the polar-
isation factor, A the wavelength and P and S constants for primary and sec-
ondary extinction respectively. The linear absorption coefficient u varies with
A3 between absorption edges. With decreasing wavelength, absorption decreases
and scattering efficiency decreases - both push toward the weak scattering limit,
ie. kinematical approximation. Data collection at two or more wavelengths will
show up the extinction effects. Initial refinement of the data excluding the strong
low resolution Fy;s then later comparison with those Fps and matching Fq. will

reveal any systematic extinction tendency.

10.5 Discussion

X-ray topography is a non-destructive method for revealing strains and internal

(defect) structure in nearly perfect crystals. It has been used extensively in the
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analysis of inorganic crystals!6: 88, 105, 139, 145

and has a good sensitivity to small
distortions and variations of the lattice. This (as far as we are aware) is the first

time mosaic blocks have been visualised within a protein crystal.

The size of the mosaic blocks is such that extinction effects become apparent and
should be monitored. In this case the thickness of the perfect region, ¢, appears
to be approximately that of the extinction length, A (from equation 10.1). This
results in reflections at low resolution (strong intensity) which display extinction
effects and higher resolution (weaker reflections) for which the kinematical ap-
proximation is valid. The higher resolution reflections can be used without any

further corrections.

X-ray topography has shown the defects due to handling and thereby reveals
flaws in the crystal mounting techniques. Probably the best way to solve this
handling problem for X-ray topographic analysis is to grow the crystals in in-
dividual chambers that could be taken to an X-ray station for inspection with
out crystal mounting being required. One can argue that the absorption caused
by the mother liquor would be detrimental to an X-ray inspection but the effect
on X-ray topographic images essentially translates to a simple need for a longer

exposure. 22’

Atomic force microscope studies of lysozyme crystals®® 83 have not produced ev-
idence of the mosaic block structure but this is not surprising since the scanned
area seems to be limited to 30 um? or s0.'%! Electron microscope studies of
lysozyme®® have also shown no evidence of the mosaic block structure, again
though the area scanned is small, 2 um? or so. In the electron microscope study

micrographs of the interior of the lysozyme crystal were obtained by fracturing
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the crystal through freezing at -110 °C. It is interesting to wonder if evidence
of the increase in mosaic block misorientation or decrease in mosaic block size
(through splitting etc.) on freezing could be investigated through X-ray topogra-
phy or more simply can we use topography to see defects/block structure (if any

is left) on freezing a protein crystal 7

10.6 Summary

The microgravity-grown crystals demonstrate large visible mosaic blocks. Dy-
namical effects (extinction) should become appreciable when the perfect mo-
saic block size approaches this value.!'®® The microgravity-grown crystals should
clearly start to demonstrate extinction effects by consideration of the mosaic
block size seen and this will have to be taken into account in the use of inten-
sity data (eg. in protein model refinement). The earth-grown control crystal, in
contrast, appears to consist not of large individual blocks but many defect lines

giving the crystal a rather ‘crumbly’ appearance.

X-ray topography of protein crystals is clearly a useful technique expanding the
array of diagnostic methods for the study of protein crystals grown by all methods
which can therefore be harnessed to produce better protein crystals for crystal

structure analysis.

10.6. Summary
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Interferometer Concentration

Measurements

11.1 Introduction

Mapping of solution properties during the growth of crystals can include map-
ping of convection and/or solution temperature, diffusion and concentration.?!4
In microgravity dialysis growth techniques (as described in chapter 8) there is
no convection (excepting Marangoni convection in the vapour diffusion case) so
diffusion and concentration become the prime measurements of interest. Opti-
cal techniques do not perceptibly affect the solution being studied and can map
its properties with a spatial resolution of less than a micrometre and temporal
resolution of less than a millisecond. The parameter actually measured may be
either, refractive index or relative phase changes, displacements, velocity com-
ponents and variations in the solution by optical absorption. Measurements of
these properties where possible with non-optical probes eg. thermistors, pH/ion

electrodes etc. impinge on the crystallization process and give inadequate data

points.

223




Chapter 11. Interferometer Concentration Measurements 224

Refractive index methods are all based on the fact that the spatial distribution
of the refractive index of the solution affects both the curvature and optical path
lengths of each ray of light. Refractive index variation can be mapped with
Schlieren optics, interferometry or holographic techniques. Displacement mea-
surement involves time lapse observation by conventional (video, photographic)
imaging techniques or by laser techniques with visible marks in the solution.
Growth of crystals can be easily mapped but convection measurements cannot
readily be made. Velocity components in the solution can be measured directly
with laser Doppler anemometry where the velocity of the particle is determined
by measuring the beat frequency of light scattered from the particle with light
from a reference beam. Although it has been sufficiently refined as to be ca-
pable of detecting flow velocities as low as a few microns per second it does
however require elaborate and expensive apparatus and the necessity of adding
light scattering particles to the solution. Concentration mapping by absorption

is inherently less sensitive than other optical techniques.

The most promising techniques for imaging and measuring diffusion and con-
centration around a growing protein crystal appear to be Schlieren optics and
interferometry. A Mach-Zehnder interferometer has been constructed by Dornier
and implemented into the engineering model of the APCF. A review of interfer-
ometry can be found in Francon, 19661°" and Steel, 1983.22* The Mach-Zehnder
interferometer as a diagnostic tool was primarily chosen because it is compact
and could be easily and simply implemented into the existing APCF (and with
minor modification phase shifting can be incorporated to improve its sensitivity

at a later date - to be discussed below).

As a result of the successful IML-2 mission, ground trials were performed with

11.1. Introduction
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the APCF engineering model and Mach-Zehnder interferometer, using identical
solutions to the IML-2 mission, to asses its use as a diagnostic tool. It is ultimately

planned to fit this facility to the microgravitv flight models of the APCF.

11.2 Equipment

The Mach-Zehnder interferometer, shown in figure 11.1 with schematic in fig-
ure 11.2, consists of two beam splitters and two totally reflecting mirrors. A 780
nm (near infrared) laser diode (chosen for its stability) is used as the light source

with CCD video camera as detector.

Figure 11.1: Photograph of the Mach-Zehnder interferometer (that has been
installed in the engineering model of the APCF) showing clearly the laser, light
path, beam splitters and mirrors

11.2. Equipment
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Figure 11.2: Schematic diagram of the Mach-Zehnder interferometer

The two beams travel within the apparatus along separate paths. The reactor is
inserted in one path and the resulting interference with the reference path pro-
duces fringes. As the diffusion process (of salt into the reactor) carries on there
is a change in the concentration of the solution in the reactor and a correspond-
ing change in refractive index. As the protein crystals form the overall protein
concentration in solution is reduced. Again there is a change in refractive index.
Consequently there is a motion of fringes as diffusion and crystallisation takes
place. The optical paths of the interferometer are constructed from quartz glass,
the same material that makes up the crystallization reactor. This also induces
a certain ruggedness into the system as concerns have been raised that optics,

especially interferometry, will not be robust enough against the mechanical shock

11.2. Equipment
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and vibration associated with space launches.?3” A small air gap occurs in the
measuring beam as the interferometer is mounted so it can move from reactor to
reactor with the CCD camera. There is a corresponding air gap in the reference

path to take account of this.

11.3 Theory

The two light paths are of identical length with one light path travelling through
the protein chamber of the reactor. The phase difference between the two light

paths ¢ is given by;

6= Snd (11.1)

where n is the refractive index of the solution in the protein chamber, A the
incident wavelength and d the path length of light through the chamber. For the
destructive interference (an increase in the grey to black level on the CCD image,
termed a dark fringe) the phase difference between two peaks has to be equal to

m, therefore, from equation 11.1, a dark fringe is formed when;

(m)% = Ny, (11.2)

where m is any integer number. As the refractive index of the solution changes

more fringes will be produced, in the case of m + 1;

11.3. Theory
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(m+1)= = nmy (11.3)

) >

where n,, and Ny, are the refractive indexes causing two adjacent dark fringes.
The change in refractive index between each dark fringe, An = (n,,41 — 1), OT

peak to peak sensitivity of the instrument is given from equations 11.2 and 11.3;

A

To relate the An value to concentration it is necessary to calibrate the interferom-
eter by measurement of the refractive indexes of the separate solutions involved,

in this case, water, buffer, salt solution and the initial protein solution.
11.4 Calibration

The refractive index of water is known at various wavelengths, temperatures and
pressures. Using a Brice-Phoenix differential refractometer,*? with water as the
initial reference solution, the refractive indices of buffer, salt solution and protein
solution were measured at 436 nm (blue) and 546 nm (green) wavelengths. The
differential refractometer measures the precise refractive index difference between

a dilute solution and its solvent.

Overall precise temperature control is not needed since the temperature coeflicient
of the difference in refractive index between a solution and its solvent is much
smaller than that for the refractive index of solution or solvent alone. However

the solution and solvent being measured must have the same temperature to

11.4. Calibration




Chapter 11. Interferometer Concentration Measurements 229

0.01 °C or better. In order to achieve the same temperature a sinter fuszd glass
cell divided into two compartments, with a thin, 1.2 mm glass partition, is used
to hold the solution and solvent. The dividing glass partition is thin enough
to allow thermal equilibration. The standard cell is suited for refractive index
measurements up to 1.62 and for determination of refractive index differences up

to 0.01 units with a sensitivity of £0.000003 units.

The monochromatic light beam after passing through a semi transparent mirror
and a vertical slit enters incident to the normal of the first surface of the dif-
ferential refractometer cell. The light beam emerging from the cell is deviated
through an angle proportional to the refractive index difference between the two
liquid media. The deviation is measured through a microscope with attached

micrometer eyepiece.

Before measurements can be made the instrument itself has to be calibrated using
a solution that has a known refractive index difference between its solvent (in this
case KCl solution and distilled water). Deviation readings are made with the cell,
filled with solvent, incident to the light beam (d;) and then rotated 180°, (dy).
A similar procedure is repeated for the solution in one chamber of the cell and
solvent in the other, (di and d5). The values are averaged and the total deviation

calculated from;

Ad = (dy — dy) — (d — d}) (11.5)

The refractive index difference is then given by;

11.4. Calibration
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An = kAd (H-6)

Where An is the known refractive index difference between solution and solvent
and k is the required calibration constant for the incident wavelength. Once the
calibration constant is determined any angular deviation of the light beam (at the

calibrated wavelength) may be directly converted to a refractive index difference.

The k value for a given wavelength is inversely proportional to the magnification
at that wavelength of the optical system of the instrument. It can be calculated
for different wavelengths with magnification constants given, by the manufac-
turer, for that particular instrument. For all measurements the light source must

be warmed up and allowed to stabilise for rep-~ ~ ~ 3 in measurement.

The refractive index differences between water and buffer, buffer and salt and
salt and protein were found for wavelengths of 546 nm and 436 nm as shown in
table 11.1.

Solution AnH6 And36
buffer - water 0.00066 0.00091
salt - buffer  0.00969 0.01218
protein - salt  0.00390 0.00420

Table 11.1: Refractive index differences of solutions

The refractive index of water at 20° C is known at 546 and 436 nm as 1.3343 and
1.3402 respectively. From this and the refractive index differences the refractive

indices of buffer, initial salt and initial protein solutions can be calculated.

The Mach-Zehnder interferometer uses a wavelength of 780 nm and so conse-

quently the refractive indices have to be converted to this wavelength by use of
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the first two terms of the Cauchy formula;

n=A&—4-.. (11-7)

A and B are constants for a particular solution, the refractive index at 780nm

(infra-red) is calculated and shown in table 11.2.

Solution 74546 7%436 A B 7+780
W ater 1.3343 1.3402 1.32386 3113.54 1.3290
Buffer 1.3350 1.3411 1.32424 3204.22 1.3295

Salt 1.3447 1.3533 1.32959 4507.04 1.3370

Protein  1.3486 1.3575 1.33294 4669.76 1.3406

Table 11.2: Refractive indices of solutions

Knowing these values enables the refractive index increments measured by use
of the interferometer during the experiment to be related to the actual concen-
trations of the various solutions. The effect on refractive indices of different
wavelengths is well illustrated by a plot of the Cauchy formula for the differing

solutions over a wavelength range of interest, figure 11.3.

11.5 Experimental

The lysozyme used for this trial utilised the recipe from the previous STS-65
mission. In line with the microgravity experiment the protein chamber had also
been treated with a siliconisation solution (Sigmacote) for a period of ten minutes.

The reactor (APCF dialysis 188 /d) once filled was kept at a constant temperature
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Figure 11.3: Plot of the Cauchy function for water, buffer, salt and protein
solutions over a wavelength range, 400 nm to 800 nm

of 20° £0.1°C for preprocess and during crystallization.

By making use of the CCD video camera already installed in the APCF, a Mach-
Zehnder interferometer has been accommodated in the engineering model of the
APCF such that 5 of the normal 2 x 6 observed reactors can make use of it.
The reactor was inserted into the engineering model and the system initiated to
perform an experiment according to flight conditions. The facility was orientated
such that the reactor was in the vertical position with the protein reservoir on
top so that diffusion works against gravity - previous experiments by the Dornier
staff have shown that the diffusion process is lease turbulent in this orientation.
A total of 1292 digitised fringe images were recorded on tape. An example of

an image illustrating the measuring window used and the location of the dialysis

11.5. Experimental




Chapter 11. Interferometer Concentration Measurements 233

membrane is shown in figure 11.4.

The image, figure 11.4, depicts the reactor in the vertical orientation (as seen in
figure 8.1 on page 169) with the protein chamber visible showing fringes in the
upper part of the image. The dialysis membrane is directly below the fringes. The
dialysis membrane is flat, the two peaks that impinge into the protein chamber
above it are caused by the corners of the cuboid protein chamber pressing against
a circular silicon seal. Just visible at the bottom of the image are fringes caused by
diffusion of salt into the protein chamber. These fringes (caused by salt diffusion
only and having no component to do with the protein solution) can provide a
way to separate the refractive index change due to protein leaving the solution
and salt diffusing in. The horizontal fringes move in a vertical direction. When
the reactor is orientated differently the fringe motion is very turbulent. Without
the diffusion membrane, ie. free interface diffusion, the process, even in the ideal
(vertical) orientation the process is still very turbulent (previous experiment by

Dornier staff).

As an extension to the flight configuration the CCD images were also recorded by
time lapse video and analysed in real time via an attached PC. The OPTIMAS
image processing software was configured to define a window on the image, and
measure the average grey level within that window. It is possible to measure
several windows at once. The window size and position can be varied but in this
case a size of approximately 1.10 x 0.28 cm was used with the long axis of the
measuring window being parallel to the diffusion membrane positioned as shown

in figure 11.4.

11.5. Experimental
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Figure 11.4: Example of fringes (dark bands seen within the protein chamber
and barely visible below the dialysis membrane) recorded by the video camera
with wide field of view optics. The measuring window used for the experiment
is shown as a white box. The fringe motion is from the dialysis membrane in a
vertical orientation toward the top of the reactor reversing after tte-40 hour point.
The width of the protein chamber is 5.0 mm, visible height is 2.8 mm.

11.5. Experimental
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11.6 Results

Figures 11.5 and 11.6 show the interferometer images recorded by the CCD cam-
era between the times of 00:06 hours and 42:12 hours. The initial image, fig-
ure 11.5(a), shows the protein chamber before the diffusion process has started
(the protein and salt solutions have only just been brought into contact). The
Mach-Zehnder interferometer has been adjusted such that a minimum number
of fringes are seen at the start of the experiment. Figure 11.5(b) at 00:42 hours
shows the salt solution diffusing into the protein chamber with closely spaced
fringes appearing above the dialysis membrane moving in a vertical direction,
upwards. By 01:30 hours there are many closely spaced fringes visible within
the protein chamber giving a maximum number of fringes visible at 02:29 hours

(figures 11.6(c) and (d) respectively).

After time the diffusion process gradually starts to slow, figures 11.6(a) to (d)
illustrate this. At 08:59 hours, figure 11.6(a), the number of fringes visible in the
protein chamber has decreased and the fringe spatial separation increased. This
trend is observed also at 14:00 hours and 23:59 hours, figures 11.6(b) and (c)
respectively. The final image illustrated here at 42:11 hours, figure 11.6, shows
the point where the salt diffusion appears to have stopped and the fringe pattern

seen approaches that of the initial image, figure 11.5.

Of note, especially in figure 11.5(c) and (d), and figure 11.6(a) and (b), is turbu-
lence visible in the right hand side of the protein chamber. This is possibly due

to an irregularity in the silicon seal but has not yet been investigated.

By studying the time lapse video of the fringe motion it was noted that the initial

11.6. Results
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(a) 00:06 hours (b) 00:42 hours

(c) 01:30 hours (d) 02:29 hours

Figure 11.5: Images recorded from interferometer times equal to (a) 00:06 (b)
00:42 (c) 01:30 and (d) 02:29 hours
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(a) 08:59 hours (b) 14:00 hours

(c) 23:59 hours (d) 42:12 hours

Figure 11.6: Images recorded from interferometer times equal to (a) 08:59 (b)
14:00 (c) 23:59 and (d) 42:12 hours

11.6. Results
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vertical upward motion of the fringes reverses at the 40 hour mark. The fringes
start to move downwards. As each fringe crosses the sampling window a peak
is observed in the grey level, figure 11.7. The ewmulativenumber of peaks are
plotted and totalled against time, figure 11.8 and shows the turning point in the

gradient at the 40 hour mark.

The whole experiment was stopped after 162 hours. At this point an image of the
protein volume was recorded with LED illumination, figure 11.9. Many crystals
up to a length of 1.5 mm have grown, all located on the-+#he membrane and silicon
ring sealing the protein reservoir block to the rest of the reactor. This is due to
the siliconisation process and the effects of gravity. In this case A, the incident
wavelength, is 780 nm and d, the light path through the protein chamber is 5
mm. Therefore, from equation 11.4, the change in refractive index between two

adjacent fringes is given by 1.56x107%.

During the first forty hours of the experiment 35 peaks in the grey level were
monitored corresponding to 35 fringes passing the sample window. From equa-
tion 11.4 this corresponds to a refractive index change in the protein chamber
of 5.46x1073. A total of 52 peaks were monitored for the remainder of the ex-
periment corresponding to a decrease in the refractive index of 8.11x 1073 after

taking into account the reversal in direction of fringe motion.

At 780 nm the refractive index for 1.256 M NaCl solution (7.34 g per 100 ml)
18 nggp = 1.3370. For every 1g per 100 ml the increment in refractive index
is calculated as 1.09%1072 ((nsait — Nwater)/7-34). Therefore for the increment
observed the salt concentration in the protein chamber reaches 5.01 g per 100 ml

or 5.01% (5.46 x 1073/1.09 x 10~3). Within the accuracy of the peak to peak

11.6. Results
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Figure 11.7: Plot of averaged grey level during experiment from (a) start till 80
hours and, (b) 80 hours till completion at 162 hours.
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Figure 11.8: Cumulative total number of fringe peaks plotted against time. Note
that at 40 hours there is a turning point in the curve which corresponds to a
reversal of fringe motion.

measurement of the instrument (£0.14% for the NaCl solution) the NaCl solution

has reached equilibrium throughout the reactor.

The refractive index of the initial protein solution of 21 mg lysozyme per 250
/A buffer is nprot = 1.3406 and for buffer alone is nhff = 1.3295. For every 1
mg per 1 ml the refractive index increment is calculated at 1.32x10-4 ((nprot —
n6u//)/84) therefore for the increment observed 11.55 mg of protein in the reactor
has formed into crystals leaving 4.24 mg of protein in solution within the peak

to peak measurement (£0.22 mg for protein).

This concentration, c, was checked with spectrophotometric absorption measure-

ments making use of the combined Beer-Lambert relationship;

11.6. Results



Chapter 11. Interferometer Concentration Measurements 241

Figure 11.9: Protein chamber image at end of experiment.
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c=2 (11.8)

where A is the measured absorption, € is the molar absorptivity and d is the path
length of light through the sample. For lysozyme, € is given®'® as 2.63 Aggy nm

1 ml~! ecm™!, d is 1 cm and A is measured at 280 nm for dilutions of 1,

mg
2 and 10 wul final solution in 1 ml equilibrated buffer and salt solution. The
resulting concentration values showed 6 mg/ml or 1.128 mg of protein left in
solution. This is less than the interferometer measurement allowing for error
but can be explained in that the reactor used for concentration measurements
was not that used in the interferometer trial. It was from one of the earth-
grown ground controls. This reactor was activated under ambient lahoratory
conditions and one would not expect as much crystal growth due to temperature
and resulting supersaturation fluctuations. Small errors also result in the dilution
and preparation of the solution used for dilution. In essence the concentration

measured by the interferometer agrees with that found spectrophotometrically

for the protein left in solution at the end of the crystallization.

It is possible to position the measuring window at any point within the recorded
image for analysis for grey level measurement. This has been carried out with
the window at various heights along the vertical axis of the protein chamber.
The cumulative total of fringes passing through the window at various heights
was measured over times 1,2,3,5 and 9 hours respectively. This provided infor-
mation on the spatial distribution of the refractive index change and therefore

concentration throughout the protein chamber, illustrated in figure 11.10.
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Figure 11.10: Spatial concentration measurements through the protein chamber.
11.7 Limitations and Overcoming Them

In similar, ‘by eye’ monitored, experiments with the dialysis reactor crystals
first started to become visible after approximately the 40 hour point. From this
fact and from figure 11.8 it would seem that the diffusion process of salt has
finished (at approximately the 40 hour point) before crystallization has started.
If this were not the case full calibration and theoretical studies of diffusion within
the reactor, for example Wagner et al., 22 would be required to separate the
components. The change of refractive index with concentration of salt and protein
can also be modelled mathematically using the differential of the Lorentz-Lorentz
equation40 with the assumption that concentration changes are proportional to

density changes in crystal growth. This gives240

11.7. Limitations and Overcoming Them
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dn k(nQ —1)(n? +2)

de n

(11.9)

where n is the refractive index, ¢, the concentration and %, a constant of pro-
portionality. Thus if %% at one n (or A) is known it can easily be determined for
other wavelengths by application of the Cauchy equation, 11.7 and the differ-
ential Lorentz-Lorentz equation, 11.9. It should be noted that refractive index

varies with temperature so constant temperatures should be used throughout.

A method to experimentally resolve the diffusion and crystallization process sep-
arately would be to add another measuring window below the other side of the
diffusion membrane so that the salt flow into the protein chamber could be sepa-
rated from the protein being salted out of solution. For the depletion area likely
to be found round the growing crystal other methods of resolving the processes
separately would be needed. A possibility would be Ultra Violet (UV) observa-
tion of the system or the use of a coloured protein to produce values on the rate

of protein leaving solution.

All the fringe measurements in this experiment have made use of counting the
progress of dark fringes through a positionally defined window over time. The
CCD camera (with interferometer mounted) in the APCF is mobile and samples
several reactors. It is therefore important that fringe motion is not missed oth-
erwise the wrong refractive index could easily be assigned. The use of a wedge
shaped volume within the protein chamber could allow a quantitative measure-

ment of fringes and calculation of refractive index over a limited range of values.
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11.8 Discussion

Mach-Zehnder interferometry has been used previously by others to examine
small molecule crystallization and protein crystallization in ground based stud-
ies.182, 180, 181 Tnterference fringes were observed bending at the growing interface
around a crystal of a small molecule, Ba(NQ3),.13! The bends represented the
change of refractive index due to the decrease of concentration around the growing
crystal. The concentration gradient is sharp near the crystal surface and much
gentler in the bulk so a diffusion boundary layer was seen. Further development
has been carried out with phase shifting. Instead of monitoring the interfero-
gram with one CCD as in the earlier experiments'®? three CCD cameras were
used®® with a beam splitter and polarisers at 0°, 45° and 90° resulting in three
interferograms with phase shifts /4 with respect to each other. That method
provided a 25 times higher sensitivity than conventional interferometry. Studies
on a Ba(NOj), crystal with phase shifting and a Michelson interferometer showed
an order of magnitude improvement in sensitivity!”® compared to conventional
(non-phase shifting} two beam interferometry methods. Interferometer studies of
small molecule crystal growth have shown the width of the diffusion boundary
layer around a crystal increasing as the supersaturation increases up to 2-3%
but stabilizing to an almost constant value independent of supersaturation under
stable buoyancy driven convection.'®® No studies with improved ‘phase shifting’

sensitivity, to our knowledge, have yet been performed on protein crystal samples.

11.8. Discussion
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11.9 Main Findings and Future Work

Changes in the concentration of the salt and protein in solution have been moni-
tored as a function of time. The spatial concentration distribution in the protein
chamber has been determined as a function of refractive index at 1, 2, 3, 5 and 9
hours from the start of diffusion allowing a 2 dimensional profile of concentration

throughout the chamber, at these times, to be monitored.

In essence then interferometry is useful to give insight into the diffusion kinetics
during crystal growth. It offers the chance, in the future, to monitor the alter-
ations in the fringe behaviour in microgravity compared with earth, and thereby

give further insight into the protein crystal growth process.

11.9. Main Findings and Future Work
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Discussion, Conclusions and Future
Work for Microgravity and Protein

Crystal Growth

12.1 Discussion

Microgravity crystallization studies should produce benefits for earth based ex-
periments. International cooperations are being formed and the basic principles
of crystallization are being investigated. Indeed it is noticeable that fluid physics

theories are now being applied to protein crystallization. The more expanded

community is bringing in expertise from many diverse scientific areas and dis-
ciplines. Although the cost of a few microgravity crystallization experiments is
very great the possible knowledge to be gained (and improved crystals) should

benefit earth based crystallization.

Diagnostic techniques to monitor the nucleation and resulting growth are im-

portant again both on earth and in microgravity. The mapping of temperature
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and concentration around a growing crystal is useful in investigating phenom-
ena such as terminal size. The terminal size may be related to the extremely
slow diffusivities of protein molecules and consequent gradients and/or depletion
zones. Video images are a very useful diagnostic technique and automated image
analysis techniques have been developed?®® which could be applied in the future.
Cool lighting is necessary in all video observations as non cooled lighting has
been shown to give rise to additional convective movements which may generate

secondary nucleation.!86

In all microgravity methods there is a possibility of heterogeneous nucleation on
the container walls which might affect the crystals. In a contained environment
samples experience residual accelerations caused by astronauts, extra vehicu-
lar activities, int <t vehicular activities, vehicle motion (and even coughs or
sneezes !). The resuitant accelerations can be either periodic or impulsively driven
and some of them can be as strong as 1000 pg.'® In microgravity situations
electrostatic liquid drop nucleation has been proposed as a method for allowing
containerless growth, early experiments have demonstrated it’s validity under

earth gravity.!%

As discussed for the topographic investigation of microgravity-grown crystals
(chapter 10) extinction effects should become important for consideration in
data collection from high perfection protein crystals. Examining extinction in
microgravity and earth-grown crystals will be a useful area of work to determine
an ideal size for a perfect, microgravity-grown crystal. Extinction effects certainly
need more study now that microgravity is producing samples with small mosaic

values.

12.1. Discussion




Chapter 12. Discussions, Conclusions and Future Work 249

A most interesting aspect of the microgravity crystals is the improved signal to
noise ratio seen (chapter 9). This is beneficial in recording the high resolution,
weaker, data which give the greatest detail in a resulting protein structure. This
benefit can lead to greater understanding of biological processes if similar im-
provements are seen for other crystal systems besides the results produced so far

on lysozyme as our test case.

12.2 Conclusions

The X-ray crystallography process starts with producing suitable crystals. This
is the major bottle neck at present. Microgravity has been investigated as an
environment for crystallization as reported in this thesis and shown to produce
nearly perfect crystals. Insights into the crystallization process and why signal
to noise ratios can be enhanced has been seen. This work sets targets oftrying
to produce usable crystals of only a single mosaic block through termination of
growth at an appropriate time eg. with inert liquid injection.'®® Indeed the
terminal size of a crystal may be related to the mosaic block size and number
of mosaic blocks making up the crystal. The size of the mosaic block may be
dependent on the strength of the bonds between molecules making up a unit cell

and the natural thermal motion of the molecules. This remains to be investigated.

The X-ray topographic examination of the microgravity-grown crystals has pro-
vided evidence for the mosaic block theory of crystal formation. This result will
be useful in explaining the properties of microgravity versus earth grown crystals.
Following this work, involving the measurement of perfection of crystals, future

work is needed now both in exploiting the resulting perfection and understanding

12.2. Conclusions
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how it is produced.

There exists two fields of thought within the microgravity crystallization com-
munity. One approach is to fly many samples with different crystallization con-
ditions to empirically define the best conditions for microgravity and the other is
to use well known systems to perform specific experiments on the how of crystal
growth. In the longer term information on the process of microgravity crystal-
lization gained from diagnostic methods will improve the whole area of protein
crystal growth. Information about the best crystallization conditions for one
system will not be as valuable to the whole protein crystallization field. Diag-
nostic systems should prove very valuable to establish how microgravity-crystal
growth differs from earth-crystal growth and in the ideal case there should be
instruments designed for the specific purpose of investigating crystallization as
a routine diagnostic. In determining crystallization conditions more use should
be made of optimisation techniques such as using incomplete factorial experi-

mentg. 5% 56, 54

This would yield information on where the optimal conditions
may lie on a crystal response surface,® with minimal amounts of material, and

allowing optimisation for further missions.

12.3 Future Work

Data collection at higher resolution, intrinsically weak reflections, requires fine
collimation optics, high brilliance sources and rapid readout CCD detectors. At
the synchrotron, high resolution diffractometers, high energy (short wavelength)

X-ray beams, and large area detectors will be required to exploit the most benefit

12.3. Future Work
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from improved protein crystal perfection. Low X-ray background will also im-
prove the signal to noise ratio of the data collected, which can be achieved through
long crystal to detector distances (the background per unit area decreases due to

the inverse square law provided the Bragg spots remain sharp).

In conventional “earth based” crystallography, freezing techniques are used to
prolong the lifetime of the crystals in the beam and reduce thermal motion.!3%
The freezing of crystals, however, results in an increase of crystal mosaic spread,
though minimised with good choice of cryoprotectents'®® to about 0.25°. The
advantages of a perfect crystal are then lost. The larger mosaicity is tolerated
by virtue of the crystal to detector distance being kept small (eg. < 10-20 cm).
To date there have been no freezing experiments on microgravity-grown crystals
which remains a future area of research. Clearly we can expect to have to alter
current freezing protocols eg. one option is to increase the number of freezing
gas streams so as to direct them at the crystal from all sides thus reducing the
freezing time of a crystal. If the perfection can be preserved, larger crystal to
detector distances can be harnessed (eg. > 1 m), the benefits of crystal lifetime

on freezing can be combined with low X-ray background.

Diagnostic techniques are being implemented for observing the crystal growth
process in microgravity. Diagnostic techniques are also needed to monitor the
nucleation stage. The ability to monitor the nucleation stage is a prerequisite for
the development of an automated, dynamically controlled protein crystal growth
apparatus for microgravity or ground based experiments. The effect of supersat-
uration on crystal growth should be investigated. At present there is no evidence
that microgravity in itself produces crystals where none can be formed on earth.

There is however, evidence that once nucleation is achieved then depletion layer

12.3. Future Work
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formation promotes the most favourable growth conditions.*® % Systems that
produce even the smallest nucleation sites (maybe not even visible to the naked
eye) with supersaturation may show vast improvements in growth in microgravity
due to the depletion layer formation. The depletion layer formation and growth

needs to be monitored, most suitably with interferometric methods.

X-ray topography measurements on crystals from the IML-2 mission were detailed
in chapter 10. Additional measurements on earth-controls, more IMI.-2 lysozyme
and NASA supplied crystals (grown via vapour diffusion on another Shuttle mis-
sion) using beamline X-26C'%* of the National Synchrotron Light Source (NSLS)
have been made. This work showed the direct imaging of mosaic blocks, strains,
defects and even the effects of handling damage. X-ray topography techniques,
having visualised the mosaic block structure, should be applied to examining the
differences between an unfrozen and frozen crystal. Further X-ray topographic
measurements with crystals of proteins with varying water contents will allow a
detailed understanding of what levels of microgravity will be required for perfect
crystal growth. It would also be useful to look at the edges of mosaic blocks
in detail with the use of atomic force microscopy®” 16 (present studies with the
atomic force microscope having studied small regions repeatedly measuring crys-

tal growthd% 8% 86 rather than a macro survey of the whole crystal).

The APCF CCD video images have allowed growth rates to be measured. Com-
parison of the growth rates with positions of strains/defects in the crystal and
microgravity levels recorded over mission may show the effect of microgravity or

lack of it on crystal growth.

12.3. Future Work
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Overall, an eventual aim should be to have a permanent manned diagnostic pro-
tein crystallization facility and a production crystallization facility in micrograv-
ity. Knowing the levels of microgravity needed would allow experiments to
be stopped (if needed) during residual gravity moments such as due to extra-
vehicular movements or allow the crystallization to be performed in a free flying
tethered unmanned module. In a facility of this kind it would be important that
data be passed down in real time to experimenters on the ground for control and

suggestions to provide the best results from their experiments.

In all investigations of microgravity crystallization methods ground controls under
as identical as possible conditions are needed. Without such, little idea as to why
microgravity growth gives improvements over earth growth can be found. The
microgravity-crystal growth conditions may be such that methods of simulating

them on earth can be found to routinely produce high quality ‘perfect’ crystals.

12.3. Future Work
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Image plates have advantages over photographic films, which include wider dynamic range, higher
detector quantum efficiency, reduced exposure time and large size. In this study, an on-line image-
plate system has been used to record crystallographic data from a small crystal. In particular,
synchrotron Laue data were recorded with Apin = 0.455, Amax = 1.180 A, in 20 images 10° apart
and with an exposure time of 0.3s each from a crystal (0.02 x 0.05 x 0.25mm) of a nickel-
containing aluminophosphate, NiAPO. The Laue data were analyzed with the Daresbury Laue
software, including the application of an absorption correction. The structure was solved by a
combination of the Patterson method and successive difference Fourier calculations using SHELXS86
and SHELXI1.93; the final R value for 1934 unique reflections (all data) and 310 parameters was
7.90%. The structure agrees with that determined by monochromatic diffractometry using the same
crystal and reported by Helliwell, Gallois, Kariuki, Kaucic & Helliwell [Acta Cryst. (1993), B49,
420-428] with an r.m.s. deviation of 0.03 A. Hence, this study shows the image-plate device to be
very effective for synchrotron data collection and subsequent structure analysis from small crystals,
i.e. 0.02 x 0.05 x 0.25 mm, in chemical crystallography as well as providing further confirmation

of the practicability of Laue data in structure solution and refinement.

Keywords: image plates; area detectors; synchrotron Laue method; pixel sampling.

1. Introduction

Image plates have had an important impact on X-ray
crystallographic data collection from macromolecules, both
at the synchrotron and in the home laboratory. Also, the
advantageous speed of acquisition of area-detector data in
chemical crystallography, compared with diffractometry,
can be critical. For example, the number of reflections to
be measured may be very large (e.g. 20000 reflections),
whether due to a larger than average unit cell, a low
symmetry space group or an interest in very high resolution
(e.g. 0.6 A or better). Alternatively, a sample might be air
sensitive and again speed of data collection may be critical.

At the synchrotron there is tremendous potential for data
collection (a) from very small crystals (see, for example,
Andrews, Papiz, McMeeking, Blake, Lowe, Franklin, Helli-
well & Harding, 1988; Harding, 1990, 1991; Riekel, 1993;
Bilderback, Thiel, Pahl & Brister, 1994), (b) involving
the use of tunable wavelengths for anomalous-dispersion
applications (Helliwell, Gallois, Kariuki, Kaucic & Helli-
well, 1993) or (c¢) for perturbation studies. All these topics
are reviewed by Coppens (1992),

* To whom correspondence should be addressed.

© 1995 International Union of Crystallography
Printed in Great Britain — all rights reserved

The ease of data collection at the synchrotron, especially
on time factors, can benefit from the use of a large versatile
area detector like the image plate. Although photographic
film has been used effectively in a number of synchrotron
Laue studies of small molecules (e.g. Clucas, Harding
& Maginn, 1988; Helliwell, Gomez de Anderez, Habash,
Helliwell & Vernon, 1989; Harding, 1991), the use of film
with smaller crystals is ultimately beset by the problem
of very small or very narrow (streaked) spots for which
the pixel sampling of the spot is too poor and/or the
Wooster effect is a limitation. One aspect of this paper
is to show that on-line image plates can readily be used
with a small crystal to rapidly collect data with good pixel
sampling of diffraction spots for structure determination
and refinement. As a test case we have used the crystal
structure of a nickel-containing aluminophosphate. This
structure has been determined and reported recently using
CuKa and Mo K« diffractometry (Helliwell et al., 1993).
Attention has also been drawn to the use of image plates by
Euler, Gilles & Will (1994), who reported on a synchrotron
Laue study of olivine. Their initial impetus was clearly
the same as our own. Our aim in this paper is the study
of much smaller crystals than the 410 um diameter olivine
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crystal case. Moreover, we go on to provide a full structural
analysis. This paper, therefore, nicely complements that of
Euler et al. (1994).

In the work of Andrews ef al. (1988) with a very small,
mosaic crystal of piperazine silicate, the Enraf-Nonius
FAST television area-detector diffractometer was used with
intense monochromatic synchrotron radiation. This detector
is also an on-line system. Compared with the image plate
it had fewer pixels and poorer resolution, but a faster
duty cycle. A next generation of on-line detector beckons,
combining a large aperture with fast duty cycle based on
an array of CCDs (for a discussion, see Allinson, 1993)
and without the need for an image intensifier (reviewed by
Allinson, 1994).

For anomalous-dispersion studies, a particular wave-
length is needed {e.g. NiK edge 1.488 A) and so the
need for dmin < 0.9 A in chemical crystallography implies
2#max values of > 110° occur. Even longer wavelength
absorption edges exacerbate this and a cylindrical geometry,
e.g. realizing 20max = 180°, is desired. Image plates can
certainly be used in this geometry. An on-line cylindrical
image-plate and reader design is described by Wilkinson
(1994). Alternatively, the array concept of CCDs can be
extended.

2. Experimental

A small needle-shaped crystal (0.02 x 0.05 x 0.25 mm) of
NiAPO [NiAL:P40isCsH:iNs, Mr = 676.77, monoclinic,
P2\/n, a = 1002, 6 = 15.728(6), ¢ = 14.134 (6) A,
0 =101.313(14)°, P = 2184.16A3, Z = 4, Dx =
2.06gem-3] elongated along [010] was used to collect
Laue data on station 9.5 (Brammer, Helliwell, Lamb, Liljas,
Moore, Thompson & Rathbone, 1988; Thompson, Habash,
Harrop, Helliwell, Nave, Atkinson, Hasnain, Glover,
Moore, Harris, Kinder & Buffey, 1992) at the synchrotron
radiation source of the SRS at the Daresbury Laboratory.
An image-plate system (Mar Research Scanner, diameter
180 mm) implemented at the station was used as the
detector. The SRS operated at 2 GeV with a current of
195mA and the wiggler at ST.

The illuminating white beam spectral range was 0.4 < A
1 2.0 A. The crystal-to-image-plate distance was 138 mm.
20 images were recorded at 10° intervals, each with an
:xposure time of 0.3 s and an overall duty cycle time of
2.5 min. The total collection time for all these images was
ess than 1 h. One example of a recorded image from the
mage plate is shown in Fig. 1(a) and the average spot
>rofile of this data is shown in Fig. 1(6). The pixel size is
150 pm2. It can be seen that the spots are circular with a
AVHM of 350 pm f{i.e. recorded over three square pixels).
:or comparison, Fig. 2(a) shows the Laue photograph for
he same orientation of the crystal (crystal-to-film distance
>0mm). An average spot profile for this data is shown in
rig. 2(6). The pixel size is now 50 pm2. The spot is now
learly seen to be sharply streaked with a FWHM of 120 pm

in width and 350 pm in length; the spot shape and size is
determined here by the size of the sample and its mosaic
spread, since film has a negligible point-spread factor.

3. Data analysis

Laue reflections were processed up to 0.95 A resolution
using the wavelength range 0.36-1.50 A. The Daresbury
Laboratory Laue software package (Helliwell, Habash,
Cruickshank, Harding, Greenhough, Campbell, Clifton,
Elder, Machin, Papiz & Zurek, 1989) modified for image-
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Figure 1

(a) Image-plate exposure from the NiAPO crystal. Crystal-to-plate
distance 138 mm. The background is high due, in part, to the small
crystal size, and also because the sample contains nickel; there is,
of course, scope for improving the collimation and background
control for such a sample. (6) Contour plot for the intensity of an
average spot from the image in (a). The maximum value of
100 is arbitrarily chosen as the maximum intensity with contour
intervals of 10. The pixel size is 150 pm.
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plate data (J. W. Campbell, unpublished work) was used.
There were no spatially overlapped spots. The unit-cell
parameters and space group were available from the
diffractometer study prior to data collection (Helliwell et
al., 1993). However, the unit-cell parameters were further
refined (i.e. » and c, with « fixed) against the observed
spot positions on each image. The r.m.s. deviation between
observed and predicted spot positions was 0.031 (6) mm
calculated over all the images. Table 1 compares the cell
parameters for the three methods, Cu Ka, Mo Ka and this
Laue study.

LAUENORM was used for wavelength normalization.
The wavelength range used was 0.455-1.180 A and 6089
measured reflections were output. Fig. 3 shows the lambda
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Figure 2

(a) Photographic film exposure from NiAPO. The same crystal
is in the same orientation as used for the exposure in Fig. 1(a).
Crystal-to-film distance 60 mm. () Contour plot for the intensity
of an average spot from the photographic film exposure in (a).
The maximum value of 100 is arbitrarily chosen as the maximum
intensity with contour intervals of 10. The pixel size is 50 pm.

Table 1

Cell parameters for the three data sets.

Data set  a (A) b (A) c(A) an y (A
Cu Ka 10.0209 (8) 15.661 (1) 14.0914 (8) 101.216 (5) 2169.3

Mo Ka 10.03 (2)
Laue* 10.02

15.67 (2)
15.728 (6)

*The refinement in LAUEGEN is displayed to two decimal places. The values given
here are the averages over all 20 images and yield the values to three decimal places,
and standard deviations, as shown. These average values have then been used for
processing from LAUEGEN onwards. The a cell parameter was held fixed. As a test b
and ¢ were held fixed and a refined against five images. The value remained constant
at 10.02 A.

14.14 )
14.134 (6)

1013 (1) 2180
101.313 (14) 2184.16

curve for this image-plate data set. A unique set of data was
produced by the programs ROTAVATA/AGROVATA (Collab-
orative Computing Project No. 4, 1994). The merging R
factor (on /) was 10.6% for 6048 measurements (41 reflec-
tions rejected), giving 1896 unique data. The completeness
of the data for oo-dmin, oo-2dmin and 2dm\n-dmin was
67.6, 55.7 and 68.8%, respectively. The Ni-atom position
was determined from the Patterson map using SHELXSS6
(Sheldrick, 1985). The remaining atom positions were lo-
cated by difference Fourier cycling.

With SHELXL93 (Sheldrick, 1992) and singlet data it is
possible to make allowance for the/' andf"” variation with
wavelength using the values of /' andf” of Sasaki (1989).
This was not necessary in this case because the variation for
Ni in the wavelength range used is very small. Instead, the
average value for Ni in this wavelength range was input.

A »
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0.5
0.4
0.3
0.2

01

0.0

A(A)
Figure 3
Lambda curve for the image-plate data set determined using

LAUENORM. The wavelength values plotted on the abscissa are
averages for each wavelength bin.
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For the singlet data, the refinement (excluding H atoms)
converged at an anisotropic R factor (on /) of 8.81% using
all data.

In the refinement of the full structure (still excluding H
atoms), the atomic displacement parameters of the atoms
were low with a minority even being negative. An absorp-
tion correction procedure (Maginn, Harding & Campbell,
1993) was then applied to try to alleviate the problem.
SHELXLY93 produced a set of , k£, / and Fcaic values
from the best isotropic refinement. LAUESCALE used the
Fcalc values to apply an absorption surface to each original
image. The absorption surface produced for the image in
Fig. 1(a) is shown in Fig. 4. A new absorption-corrected
final set of 4, k, [, F, a(F) and A values was then produced.
The merging factor (on f) for LAUESCALE, now with 6472
singlet measurements (greater than LAUENORM's 6089
measurements due to a slightly different acceptance pro-
cedure), was 10.9% producing 1979 unique measurements.
The completeness of the data for oo-dmin, 0o-2dmm and
2dm\,, -dmm was 70.6, 56.5 and 72.0%, respectively.

The final set of absorption-corrected data was then used
with SHELXL93 and the structure refined again isotropi-
cally. All H atoms connected to the C and N atoms in the
structure were then generated in their calculated positions.
All atoms, with the exception of H atoms, were then
refined anisotropically (310 parameters) with the refinement
converging to a final R (on F) of 7.90% for 1934 unique
measurements accepted by SHELXL93, 5.11% for / > 3<x())
(1397 measurements). Sensible values were then achieved
for the atomic displacement parameters.*

* Lists of structure factors, anisotropic thermal parameters and the
principal interatomic distances and angles have been deposited with the
IUCr (Reference: H10010). Copies may be obtained through The Managing
Editor. International Union of Crystallography, 5 Abbey Square, Chester
CHI 2HU, England.

Figure 4
Absorption surface contour plot produced by LAUESCALE for
he image-plate exposure shown in Fig. 1(a).

Table 2
Atomic coordinates (x104) and B” values for NiAPO derived
from synchrotron Laue IP data.

Atom X ¥ r Be,t (A2)
Nil -8833 (1) 7711 (1) 1354 (1) 0.87 (4)

PI -5496 (2) 7930 (1) 1425 (2) 0.61 (4)

P2 -23 Q) 7855 (1) 3402 (2) 0.61 (4)

P3 -2301 (2) 9938 (1) 4382 (2) 0.68 (4)

P4 -2725 (2) 9833 (1) 737 (2) 0.68 (4)

All -2767 (2) 8781 (1) 2570 (2) 0.61 (4)

Al2 -5027 (2) 6233 (1) 365 (2) 0.61 (4)

Al13 -5010 (2) 8846 (1) -491 (2) 0.65 (4)

o) -6766 (5) 7998 (3) 1802 (4) 0.99 (8)

02 -9169 (6) 8088 (3) 2700 (4) 0.91 (8)

03 -9160 (6) 9028 (3) 1034 (4) 1.37 (8)

04 -4291 (6) 8276 (3) 2154 (4) 1.06 (8)

05 -5164 (6) 7000 (3) 1227 (4) 1.06 (8)

06 -5596 (5) 8401 (3) 463 (4) 0.95 (8)

07 -1535 (6) 8035 (3) 3053 (4) 0.99 (8)

08 -3034 (5 9517 (3) 3446 4) 0.87 (8)

09 -2201 (5) 9235 (3) 1593 (4) 1.14(8)

010 -4535 (5) 6664 (3) -641 (4) 0.87 4)

0il -3887 (6) 5453 (3) 878 (4) 0.98 (8)

012 -6655 (6) 5792 (3) 56 (4) 0.95 (4)

013 -3203 (6) 10451 (3) 4846 (4) 1.14(8)

014 -6133 (6) 9628 (3) -1012 (3) 1.14(8)

015 -4899 (6) 8102 (3) -1377 4 0.95 (8)

016 -3386 (6) 9276 (3) -120 4) 1.18 (8)

017 -1574 (6) 10327 (4) 524 (4) 1.40 (8)

018 -5322 (8) 5803 (5) 2836 (6) 2.77 (8)

NI -8637 (9) 7483 (5) -68 (7) 1.52 (8)

N2 -10906 (9) 7453 (4) 809 (7) 1.48 (8)

N3 -8238 (7) 6482 (4) 1874 (6) 1.40 (8)

N4 -7439 (8) 4601 (4) 1893 (6) 1.56 (8)

Cl -9953 (11) 7181 (8) -629 (9) 2.20 (11)
C2 -11109 (12) 7557 (7) -288 (10) 2.16 (15)
C3 -9128 (9) 5739 (5) 1791 (7) 141 (11)
C4 -8558 (11) 4959 (5) 2302 (8) 1.63 (11)
t8,,

All diagrams were produced using TEXSAN software
(Molecular Structure Corporation, 1985). The atomic
positional parameters are listed in Table 2, in a similar
format to the table presented for the Cu Ka and Mo Ka
results of Helliwell ez al. (1993) to facilitate comparison.

4. Discussion

The refined structure obtained agrees well with that derived
from earlier monochromatic studies (Helliwell ez al, 1993).
The final R factors and data-to-parameter ratios for the
Laue, CuA'a and Mo AT* are 7.9%, 6.2; 5.7%, 11.32;
5.0%, 5.97, respectively. Fig. 5 shows one molecule of
the structure. To illustrate the quality of the structure, the
actual values of some of the bond distances from this
study will now be given with the estimate from the earlier
monochromatic Cu Ka study given in square brackets. The
average Ni—O bond distance is 2.102(21) [2.097 (12) A]
and Ni—N bond distance is 2.103 (11) [2.111 (7) A]. Two
types of P—O bond distances exist: P—O linked to Al and
P—O linked to Ni. Their average distances are 1.537(7)
[1.542 (9)] and 1.478 (1) [1.482 (1) A), respectively. Further
details of the structure and its chemistry can be found in
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Rajic, Stojakovic & Kaucic (1991) and Helliwell et al.
(1993) and references therein.

The refined structures from the Laue data and monochro-
matic data were overlapped with one another by a least-
squares determination of a rotation matrix and a translation
vector. This provides an overall idea of the structural
accuracy. The r.m.s. deviation (A) and maximum single
atomic displacement (in parentheses) for the Laue:Cu Ke,
Laue:Mo Ka and Cu Ka:Mo Ko cases (all atoms except
H) were 0.030 (0.074), 0.034 (0.095) and 0.027 (0.060),
respectively. The thermal parameters can be compared by
taking the ratio By aue/Bcu ka» Which has the value 0.64.
This can be compared with the value Bmo ko:Bcyka Of
0.86 (Helliwell er al., 1993).

We can conclude that a good quality refinement has been
reatized for this structure using a small crystal. In particular,
the use of the on-line image-plate device proved to be very
effective for the synchrotron Laue data collection for this
small crystal with data collection taking less than 1 h.

G. Leonard, Hao Quan, R. L. Beddoes, M. M. Harding
and D. H. Bilderback are thanked for useful discussions.

Figure 5
The asymmetric unit of NiAPO, with H atoms omitted.

We are grateful to G. M. Sheldrick for providing us
with an advance copy of the SHELXL93 software and to
S. McSweeney for assistance on station 9.5. The SERC
(EPSRC) is thanked for grant support.
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Abstract

Microgravity offers an environment for protein crystallization
where there is an absence of convection and sedimentation.
We have investigated the effect of microgravity conditions
on the perfection of protein crystals, The quality of crystals
for X-ray dilfraction studies is characterized by a number of
factors, namely size, mosaicity, and the resolution limit. By
using tetragonal lysozyme crystals as a test case we show,
with crystal growth in two separate Space Shuttle missions,
that the mosaicity is improved by a factor of three to four
over earth-grown ground control values, These microgravity-
grown protein crystals are then essentially perfect diffraction
gratings. As a result the peak to background of individual X-
ray diftraction reflections is enhanced by a similar factor to
the reduction in the mosaicity. This then offers a particularly
important opportunity for improving the measurement of weak
reflections such as occur at high diffraction resolution. These
microgravity results set a benchmark for ail future microgravity
and earth-based protein crystallography procedures.

Introduction

The European Space Agency (ESA) have developed the
AJdvanced Protein Crystallization Facility (APCF) (Snyder,
Fuhrmann & Walter, 1991; Bosch, Lautenschlager, Potthast
& Stapetmann, 1992) as a standard tool for microgravity
cryvstatlization experiments aboard the NASA Space Shuttle.
We have utilized dialysis liquid ditfusion for crystallization
within the APCF. The dialysis reactors each consist of two
quartz glass blocks containing two chambers separated by a
dialysis membrane. The upper chamber contains the protein
solution, the lower chamber the salt solution. The salt and
protein solution are separated by a cylindrical quartz glass
plug, which also contains salt solution. To activate the reactor
this plug is rotated by 90°, once orbit is reached, so that
all volumes then come into contact. Likewise the reactor is
deactivated before descent to earth.

The perfection of a crystal refers to the precision with
which each and every one of the 10" or so unit cells
in a crystal is aligned. Crystal perfection can be evaluated
overall by measurement of the rocking width (Helliwell,
1988), Fig. 1. Measurements of rocking widths for weak
retlections from protein crystals require an intense synchrotron
X-ray source. The use of highly collimated synchrotron
radiation is ideal for probing the mosaicity of crystals in the
theoretical limit (Helliwell, 1988), rather than having it masked
by the X-ray beam divergence and dispersion effects. Two
methods of measurement have been utilized here; collection
ol polychromatic Laue data and collection of monochromatic
data. To explore the fine mosaicity values expected, i.e. 0.0005°

* To whom correspondence should be adressed.
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(Helliwell, 1988), the Laue method is used with a large crystal-
to-detector distance and a tightly slitted down X-ray beam. The
Laue method also allows a batch of crystals to be surveyed
readily. Monochromatic data collection with a diffractometer
allows specific regions of the diffraction pattern to be probed
in detail. This work with such fine rocking widths requires a
diffractometer with a small angular step width combined with
a fine 6A/A monochromatic synchrotron beam, also of very
[ow divergence.

Crystallization and X-ray analysis

Lysozyme was crystallized on two ditferent NASA space
shuttle missions, Spacehab-! in 1993 and IML-2 in 1994,

I f) -8
s “h_k‘l ..... M= a’/L)=10 rud
{eg 5O :\)
L H
(eg03mm=5x10 A)
2]

Fig. I, The concepts of (u) an ideally imperfect crystal and (h) a perfect
erystal. For case (a) a number of smaller perfect blocks make up
the larger overall crystal the overall misalignment of such blocks s
the mosaicity or mosaic spread of an ideally imperfect crysial, For
case (h) a simplified "extinction free' culcuiation of the rocking width
is shown based on a typical unit-cell size of 30 A and 2 crystal of
0.5 mm, which quantifies the rocking width in the limit of a wuly
perfect crystal (see Helliwell, 1988, pages 260-261 for companison
with a dynamical theory estimate).
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Table 1. Crystal mosaicities estimated from Laue spot sizes al
the SRS (konv”red to FWHM i.e. 23<7 values)

For examples of the actual spots see Fig. 2 [space 3 is case (a) and earth

I is case (1) i.e. the extremes observed). Note also that the best observed

here (space 3) is still larger than the theoretical limit (Helliwell, 1988)
by a factor of 2 or so.

Crystal Space 1 Space 2 Space 3 Earth 1 Earth 2

mn) (°) 0.0012 0.0022 00010 0.0062 0.0032

<z((m))(®) 00002 OﬁOOI 0.0001 00006 0.0001
pots 3 7 7 7

Crystallization took place in the APCF at a constant temperature
of 20 £ 0.1°C over periods of 7.5 and 12.5 d, respectively. The
crystallization recipe consisted of 15.8 mg lysozyme dissolved
in 188 |il of 0.04A/ acetate buffer (pH 4.7). The precipitant was
altered slightly for each mission due to the different durations;
I.35A-/ and 1.26/V/ NaCl solutions for Spacehab-1 and IML-
2. respectively. Spacehab-l1 produced crystals of average size
0.7 mm. comparable with the ground control crystals grown in
an identical APCF unit on earth. The longer IML-2 mission
produced crystals of 1.8 mm average, compared with 0.8 mm
for the ground control crystals.

The Spacehab-l crystals were analyzed at the Daresbury
Synchrotron Radiation Source (SRS) on station 9.5 (Brammer

et al., 1988) using the Laue method. The mosaicity, g,
values were estimated for three microgravity-grown and two
earth-grown crystals. Example Laue diffraction spots for

microgravity-grown and earth-grown crystals are shown in
Fig. 2, and a summary of the results for many spots over all
the crystals surveyed is given in Table 1. The Laue diffraction
spots from the microgravity-grown lysozyme crystals showed a
factor of three reduction in mosaic spread over the earth-grown
controls, reaching a value of 0.0010° (calculated at FWHM).

IML-2 mission were analyzed by
monochromatic methods at the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble. By use of a
diffractometer goniostat detailed exploration was possible of the
diffraction patterns of one earth-grown control crystal and one
microgravity-grown crystal. The earth-grown control crystal
exhibited rocking widths ranging from 0.0067 to 0.0169°
(0.0120° average), calculated at FWHM. The microgravity-
grown crystal exhibited rocking widths ranging from 0.0017
to 0.0100°, averaging 0.0047°. For the microgravity-grown
crystal, only single peaks were obtained (Fig. 3a), suggesting
that essentially one mosaic block makes up the whole crystal.
le. the angular misalignment of mosaic blocks was certainly
smaller than the very fine instrument resolution function. In
the case of most reflections from the earth-grown crystal a
composite structure of the peak was resolved. Fig. 3(b). A
prominent difference in peak intensities of reflections from the
microgravity-grown crystal is seen compared with the identical
earth-grown crystal reflections. Fig. 3(c) illustrates this whereby
the peak intensity of reflections from the microgravity-grown
crystal are a factor of eight greater than for the earth-grown.
A factor of two of this is due to the increased volume of
the microgravity-grown crystal sample bathed in the X-ray
beam but the further factor of four in the enhancement of
the peak is the effect of the narrow rocking width. The peak
intensity enhancement will be particularly beneficial where the
reflections are weak e.g. as at the diffraction resolution limit.
Indeed the resolution limit of the microgravity-grown crystal
was explored at high diffraction angle where it was readily
possible to find evidence of diffraction to A Fig. 4.

Crystals from the

France.

Discussion

The increased peak count, far greater than that expected
from crystal volume considerations, is most startling. There
are a number of reports of enhanced Ho X-ray diffraction
for microgravity-grown over earth-grown crystals (McPherson.
1993; DeLucas, et al., 1989). There are also opposite
conclusions drawn (Hilgenfeld, Liesum, Storm & Plaas-Link.
1992). Our results point to the physical basis of why Ho
for weak reflections can be improved with microgravity
crystallization, that is that fewer, larger mosaic blocks are
arranged more perfectly. Hence we can see that there is a direct
link between the fine mosaicity and what might be achieved
in terms of diffraction resolution. Moreover, for bigger, more
perfect crystals and longer X-ray wavelengths extinction might
be seen in the stronger intensities (Helliwell. 1992).
Comparing the two missions it seems that the shorter mission
(Spacehab-1) has produced more perfect crystals, although
smaller in size. In the absence of further diagnostics, such

Fig. 2. Examples of Laue diffraction spots recorded on station 9.5 of
the SRS Daresbury (Bramtner ef a/.. 1988) at 2.4 m from the crystal
on X-ray sensitive photographic film, (a) microgravity-grown crystal
and (ft) earth-grown crystal. The beam was trimmed down using slits
to 20 x 10 “trad and a direct beam of 0.2 mm in size was used. This
ensured that the direct beam 2.4 m from the sample had only increased
in size by —48 (im horizontally and —24 ~tm vertically. Specifically
then the spot sizes in the Laue method can be converted to mosaic
spread values, n, according to the formula (Andrews. Hails. Harding
& Cruickshank, 1987) -+* u i = -f) D/cos2 20 where is the
spot size, with the direct beam size at the film subtracted out. D is
the crystal to detector distance, and 0 the Bragg angle of a Laue spot.
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scans of the reflection (7 7 6) at 7> angles of 45, 0 and -45°. respectively, (@) microgravity-grown crystal and (%) earth-grown
crystal. The FWHM of each component of the reflection has been evaluated in each case where there is either no appreciable composite
structure or the composite structure can be resolved separately from the main peak. These values are indicated in the figures by a short
horizontal line with the instrument resolution function deconvolved out. This deconvolution is given by n = (**>n’ - IRF-)I" where is
the measured reflection rocking width and /R F is the instrument resolution function (Colapietro er a/ . 1992). In (c) the 10 = 45° reflections
for both the earth-grown control and the microgravity crystal are plotted on the same scale. The integrated intensity of the microgravity-grown
crystal reflection is approximately double that of the earth-grown crystal reflection which corresponds to the microgravity-grown crystal being
approximately double the volume of the earth-grown crystal. The peak intensity is eight times more for the microgravity crystal over the
earth crystal. These crystal rocking widths were measured on station A of the ESRF Swiss-Norwegian beam line with a 1A wavelength
incident monochromatic X-ray beam using a Huber i//-circle diffractometer from the University of Karlsruhe. The station, at 45 m from the
source, utilizes a double-crystal Si(111) monochromator and the beam is unfocused. The angular step size of the diffractometer is 0.000[®
with an instrument resolution function (Colapietro et ul, 1992) of 0.00195®.

as interferometric monitoring, no rational basis exists in fact
to terminate the crystal growth at any other moment in the
microgravity mission than at the end. However, on the ground
we have utilized a new Mach-Zehnder interferometer to monitor
the lysozyme protein crystal growth process and find that
the growth is essentially complete after 5d (Snell. Helliwell.
Lautenschlager & Potthast. 1995). Perhaps on the longer IML-
2 flight the crystal growth should have been terminated before
the end of the mission so as to realise the most perfect crystals
possible.

In X-ray data collection, rapid freezing of crystals (Hope et
al.%1989) is routinely used to reduce X-ray radiation damage
to the crystal. Unfortunately this also considerably increases
mosaicity; for example, even with careful attention to the
freezing mixture the minimum mosaic spread achieved is still
about 0.25° (Mitchell 1994). Its effects (blow
up of the diffraction spots over distance) are circumvented

& Garman.

by placing the detector close to the crystal (between tens of
mm up to '-200 mm). Clearly, much larger distances (metres)
can be contemplated with smaller mosaicity and hence great
improvements in signal to noise could be obtained. It is
interesting to wonder if. with better methods and apparatus,
crystals could still be frozem in some way, to preserve
their lifetime in the beam, whilst preserving their geometric
perfection.

The precise attention to perfection in this way is relatively
new (Helliwell. 1988. 1992; Colapietro ef al., 1992; Founne.
Ducruix. Ries-Kauti & Capelle. 1995) and should be applied
more routinely. After all. it is not inconceivable that, on
earth, procedures might be developed where more perfect
crystals could be grown routinely so as to match the standard
set by the microgravity-grown crystals. It could also be the
case that a significant number of essentially perfect protein
crystals do grow on earth. Indeed it can be noted that
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Fig. 4. Reflection (32370) recorded at 1.2 A resolution for a
microgravity-grown crystal. The labelled FWHM value has the
instrument resolution functien value, IRF (0.00195°), deconvoluted
out and, in addition, for a reflection of such a high diffraction
resolution, the instrument SA/A produces a 88 spread (=
SA[2d k) cos 8y x) of 0.00527°, which has also been deconvotuted
out. Obviously if wide angular sampling had been used e.g. 0.25° or
greater, as in standard X-ray crystallography data-collection methods,
the peak counts would be swamped with background, thus eliminating
the signal. Quite a high background is present here but with further
optimization of the experiment this can be reduced by a factor of five.

all the microgravity-grown crystals investigated here are of
comparable good quality (although not yet quite reaching
the perfect limit (Helliwell, 1988) whereas only ~1 in 40
or so lysozyme crystals grown on earth are that good. Also
it, by present crystallization knowledge and methods, only
very small crystals could be grown {e.g. <20 Um), attention
to mosaic block composition/angular rocking widths as a
function of growth conditions might yield larger crystals in
the end. This would also be useful in neutron crystallography
it crystals were initially small (e.g. < lmm). All these
techniques could become extremely valuable in structural
research but require quite novel instrumentation, in terms of
area detectors, diffractometer mechanical step sizes and data
acquisition/processing computers, in addition to new radiation
sources to exploit such crystal quality fully. In essence then,
the use of microgravity has given profoundly new insights into
protein crystallization methods, the nature of protein crystals
and, indeed, how they might be exploited in future for structure
determination,
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