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A new method for predetermining the diffraction
quality of protein crystals: using SOAP as a selection

tool

A microscope for quantitative analysis of the birefringence
properties of samples is introduced. The microscope is used to
measure variations in the slow optical axis position (SOAP)
across hen egg-white lysozyme, glucose isomerase and
fibronectin crystals. By comparing these variations with
indicators of diffraction quality, it is shown that the optical
properties of a protein crystal provide a non-invasive method
of determining crystal diffraction quality before any X-ray
data collection is attempted.

1. Introduction

There is currently no method of predetermining how well a
protein crystal will diffract prior to X-ray analysis. As the
majority of laboratories are sited some distance from
synchrotron sources and most samples are cryocooled in the
home laboratory and transported, the successful development
of such a method would prove invaluable when samples are
selected for X-ray data collection. The ability to preselect
those crystals likely to diffract best could also play an
important role in choosing crystals to test in an X-ray beam,
and in providing a ranking system for experiments where there
are many crystals and not enough time to test them all.
The optical properties of lysozyme have been investigated
previously; Cervelle et al. (1974) measured the reflectance in
order to evaluate the refractive indices and hence the linear
birefringence of both tetragonal and orthorhombic lysozyme
crystals, while Kobayashi ef al. (1998) calculated the optically
rotatory power of tetragonal lysozyme crystals. However, in
the work reported here it is the variations in the optical
properties across the crystal that are of primary interest rather
than the absolute values of the linear birefringence or optical
activity. A birefringence imaging microscope is constructed
from a standard transmission microscope with additional
optical components which allow measurement of the bi-
refringence properties of a sample. Rotation of a polarizer
allows qualitative and quantitative measurements of the
absorption, the anisotropy and the orientation of the sample.
Here, we report the use of such a microscope, the Metripol, to
measure the optical properties of hen egg-white lysozyme
(HEWL), glucose isomerase and fibronectin crystals at room
temperature and at 100 K, with a view to using these prop-
erties as prediction metrics for the X-ray diffraction quality of
the crystals. Since there is no single parameter that char-
acterizes the quality of diffraction data produced by a protein
crystal, several indicators of data quality were used in order to
investigate possible correlations between diffraction quality
and the optical properties of each crystal.

Received 14 October 2004
Accepted 14 November 2004

130

doi:10.1107/50907444904029567

Acta Cryst. (2005). D61, 130-140



research papers

2. Birefringence imaging

The Metripol birefringence imaging microscope (Oxford
Cryosystems, Long Hanborough, Oxfordshire) is a commer-
cially available transmission microscope with additional
optical components. These additional components allow both
qualitative and quantitative measurement of the transmitted
intensity (/), the optical orientation (¢) and the optical
anisotropy (|sind|) of a sample. The intensity of light, I,
transmitted through a circular-polarizer/sample/rotating
linear-analyser (CP-S-RLA) system is given by

[ =11,[1 +sin2(6 — ¢)sin 8], )

where I, is the incident light intensity, 6 describes the orien-
tation of the transmission axis of the rotating polariser and § is
the phase difference introduced between the two polarizations
transmitted by the protein crystal (Glazer et al, 1996). A
schematic view of the passage of light through the microscope
is shown in Fig. 1. It should be noted that this is a simplifica-
tion, as the microscope uses circularly polarized light to allow
an arbitary initial sample orientation. Linearly polarized light
(shown in red) is incident on the crystal. Birefringent media
transmit two mutually perpendicular components (blue and
green), the orientation of which define the optical axis. These
components travel at different velocities through the crystal
and are termed the ‘fast’ and ‘slow’ components. They are
recombined at the analyser and the intensity of the resultant
(silver) is recorded as a function of the analyser position by a
CCD camera.

Hence, the result of a CP-S-RLA system is a light wave
whose intensity varies as a sine wave modulated by the term
sind. Using stepped polarizer rotations, the values of ¢ and
|sind| can be obtained via Fourier analysis by the Metripol
software. In principle, only three measurements are required
at a given wavelength in order to determine I, ¢ and [siné|.
However, by making more measurements the camera resolu-
tion is increased and the random error on each pixel is
decreased. In the experiments reported here, 50 polarizer
positions were used to calculate each image.

The optical anisotropy, sind, is dependent on the thickness
of the crystal, as § = (2n/A)AnL, where An is the linear

Figure 1

A schematic view of light passing through the Metripol microscope.
Plane-polarized monochromatic light (shown in red) is incident on the
crystal. In the case of a birefringent crystal, two perpendicular
components (green and blue) are transmitted. These components are
recombined at the analyser and the intensity of the resultant (silver) wave
is measured using a CCD camera.

birefringence, A is the wavelength of the incident light and L is
the thickness of the crystal. This dependence on L makes the
quantity 6 unsuitable for use in comparing the diffractive
properties of the crystals. The linear birefringence, An, is the
difference between n, and ng; the refractive indices in the
direction of the slow and fast optical axes, respectively; i.e.
An = ng — ng. These indices are shown in Fig. 2 by the major
axis (n,) and minor axis (n;) of the indicatrix. It is worth noting
here that the shape of the indicatrix is defined by the
symmetry of the crystal (Nye, 1984).

The optical orientation ¢, however, is an intrinsic property
of the crystal; this angle is illustrated in Fig. 2. The orientation
of the slow optical axis is defined by the angle between the x
axis and the direction of greatest refractive index (ng).
Variations in ¢ across each crystal can be obtained and the
magnitude of these variations used as a measure of the optical
quality of the crystal.

In the work reported here, further modifications were made
to the microscope to allow analysis of loop-mounted protein
crystals at both room and cryogenic temperatures. The stage
was removed and replaced with a goniometer-head mount
which could be rotated in the plane perpendicular to the light
path between the polarizer and the analyser. A 600 series
Cryostream (Oxford Cryosystems) was also positioned so that
crystals could be examined under the microscope while being
held at 100 K.

Fig. 3 shows two sets of images produced by the microscope.
The first (left-hand) set depicts a ‘good-quality’ HEWL
crystal, while the second (right-hand) set shows a ‘poor-
quality’ glucose isomerase crystal. It can be seen that the
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Figure 2

The indicatrix illustrates the variation in refractive index for different
incident light-polarization vectors in a crystal. The orientation or
extinction angle ¢ is the angle between the x axis and the slow optical
axis of the crystal, ng
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orientation ¢ (Fig. 3c) stays approxi-
mately constant over the face of the
HEWL crystal despite variations in siné
(Fig. 3e) and striations visible in the
intensity image (Fig. 3a). However, in
the case of the glucose isomerase

crystal, visible striations (Fig. 3b)
correspond to larger variations in ¢
(Fig. 3d).

Only the magnitude of sind can be

determined, not its sign. If the sign of
sind changes in (1) then it can be seen
from Fig. 4 that the waveform of
sin2(6 — @) appears to shift through 77/2
radians, resulting in a change in the
measured value. This can be observed in
the top left corner of the crystal in
Fig. 5(b). It should be noted that it is
possible to obtain an absolute value of §
by combining measurements of |sin §| at
different wavelengths (Geday et al,
2000).

In Fig. 6(b), a typical area selection
for analysis of the optical properties of a
crystal is shown. The area was chosen to
maximize the crystal area while mini-
mizing the solvent area enclosed. Also
shown are the peaks resulting from
other areas of the image. Note that no
peak results from the background of the
image since all points in this area have
|sind] < 0.1. The method for fitting these
peaks is described below.

Setting a threshold on sind allows
non-crystalline and birefringent areas
where sind is small to be eliminated
from the analysis. When sind is
small it becomes difficult to determine
accurately a value for ¢, as the
sin2(6 — ¢)sind term in (1) tends to
zero. Accordingly, when analysing all
the optical data, a threshold of [sind| > 0.1 was used.

The distribution of the slow optical axis within a crystal was
quantified by fitting the histogram peaks in the orientation
data (Fig. 5) to Gaussian functions of the form

Figure 3
The three images produced by the microscope: transmitted intensity (/) (top), orientation (¢)
(centre) and sin§ (bottom). (@), (¢) and (e) show a room-temperature HEWL crystal. The variation
in orientation seen in the background of the central image arises from reflection at the surface of the
glass capillary within which the crystal was mounted. (b), (d) and (f) show a cryocooled (100 K)
glucose isomerase crystal. Note that the orientation ¢ (¢ and d) stays constant across the face of the
crystals, while sind (e and f) varies as the thickness of the crystal changes.

k 1

ror= o(2m)"? expl—(¢ — m)’ /207]’

@

where k is the total area under the curve, o is the variance and
m represents the mean. Peaks were fitted using Origin v.6.1
software.

The optical width is defined here as being equal to 2o of the
fitted peaks and is approximately 0.849 the width of the peaks
at half-maximum height. The variations in the slow optical axis
position (SOAP) were then used to characterize the optical
quality or ‘SOAPiness’ of each crystal.

3. Diffraction quality

There is no single parameter that characterizes how well a
protein crystal diffracts; accordingly, several parameters have
been used to assess the diffraction quality.

3.1. R values

All crystal lattices possess a point of inversion at the origin.
This imposes the requirement (Freidel’s law) that the intensity
of symmetry-related reflections is the same. This fact can be
used to give an indication of the data quality by calculating the
R values.

The quantity Ry, compares the intensity of symmetry-
related reflections. If # measurements are made of a reflection
intensity and its symmetry-related partners, then Ry, is given
by
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S =1
Ry = 2, 3)

sym ny,
DI
i

where the mean intensity jh = (1/n) Y"1, In; is the
measured intensity of a reflection and n,, is the multiplicity of
the contributing reflections A. A value of around 5% for Ry, is
taken to represent good data quality for protein crystals.
However, Ry, is flawed in that it has an implicit depen-
dence on the redundancy of the data. Ry, will increase if a
reflection is measured many times even though this increases
the accuracy of the data and thus their reliability. To overcome
this problem two alternate indicators have been used, Rpeas
and the pooled coefficient of variation (PCV), in which the
contribution of each individual reflection is weighted
according to its multiplicity. R,..s differs from PCV by a factor
of 7'"%2 (Diederichs & Karplus, 1997),
.
> [y /(ny, — 1)]1/2 2N = Il
Ripeas =~ " : €

meas ny

n, R
> {[1/(’% —1)] Z(Ih,i - Ih)z}
pCv =% ! ) 5)
21,
h
Reas and PCV are relative to I or I7; R0 and PCVO0

referred to later in this paper are relative to the overall mean
of I and I~ reflections.

3.2. l/e(l)

The value of the ratio of the mean intensity / to the varia-
tion in the intensity o() gives an indication of the signal-to-
noise ratio, the data quality and the diffracting power of the
crystal. Values of I/o(I) were extracted for both the whole
image, I/o(I),;, and for the outermost
resolution shell, I/o(I)yyer- As a Tough

~
]

Table 1
Crystallization conditions for HEWL.
Crystal Cryoprotectant
No. MDL screen Crystallization conditions agent added
H1 Screen I No. 1 0.1 M NaCl Yes
H3, H7 0.1 M Bicine pH 9.0 Yes
H10 Screen I No. 17 30% (w/v) PEG monomethyl- No
ether 550

H2, H4 0.1 M imidazole pH 6.5

1.0 M NacCl trihydrate Yes
HS5 n/a 200 mM sodium acetate pH 4.7, Yes

6% (w/v) NaCl
Hé6 Screen II No. 10 0.01 M NiCL.6H,O,
0.1 M Tris pH 8.5

20%(w/v) PEG mono- Yes
methylether 2000
HS8 Screen I No. 16 0.1 M Na HEPES pH 7.5 Yes
0.8 M K/Na tartrate tetrahydrate
H9 Screen II No 12 0.1 M HEPES pH 7.5 Yes

10%(wiv) PEG 6000,
5% (v/v) MPD

/

_ A
7 s
. \.'/ \\//

Figure 4

Sin2(6 — o) plotted as a function of ¢. A change of 7/2 in the orientation
appears to occur when the sign of sin§ changes. Sin2(6 — ¢) is shown as a
solid blue line, while —sin2(6 — ¢) is shown as a dashed red line.

Model: Gaussian multipeaks
%/DoF =0.01421
R*=0.97889

Yo 00

@1 69.3709 +0.02164
wl 2.3381 +0.04327
02 159.46272 +0.01482 x
w2 1.13014 +0.03391

P

i

guide, more than 50% of the data in
the highest resolution shell should have © 6 i
Ilo(I) > 2 (Dauter, 1999). g" ]
5 51
8
- 8 41
3.3. Mosaicity £
The mosaicity of a crystal is measured E 31
by determining the average rocking g, 2_'
width of the reflections (Darwin, 1922). §
The nature of this measurement means g 14
that the mosaicity is not just a measure =
of the crystal quality but also of the 0

wavelength dispersion of the beam 0 20 40
(A/81) and the beam divergence. For an
in-house rotating-anode source with
multi-layer optics, the mosaicity is
dominated by the beam characteristics
(Dauter, 1999).

Figure 5

T
60 80 100 120
Direction of slow optical axis relative to polarizer (°)

T T 1
140 160 180

(@)

(a) Variation in the relative orientation of the slow optical axis across a protein crystal. Two peaks
90° apart can be seen; this arises from a change in the sign of sin§ as explained in the main text. (b)
shows sin§ changing across the crystal, while (c) shows the change of ¢.
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4. Crystallization and data collection
4.1. Crystallization

Hen egg-white lysozyme was obtained from Sigma and used
with no further purification. 50 mg ml~' HEWL was crystal-
lized with an equal volume of crystallization solution from
Molecular Dimensions Screens I and II by hanging-drop
vapour diffusion (Jancarik & Kim, 1991). The crystals grew
under various conditions (Table 1) and were tetragonal,
belonging to space group P432,2 with unit-cell parameters
a=b=789,¢c=378 A. Crystals were soaked in a solution of
20% glycerol and mother liquor for approximately 30 s before
flash-cooling to 100 K. The cryoprotectant was prepared so
that the mother liquor was not diluted by glycerol, but rather
water in the mother liquor was replaced by glycerol.

Streptomyces rubiginosus glucose isomerase was obtained in
solution from Hampton Research and dialysed twice against
0.01 M HEPES pH 7.0 before concentration of the protein
solution to 70 mg ml~'. The protein solution was then centri-

580 nm |
100.0 o

(a) ®)
i 7 —
N T v T T Y T
0 180 0 180
@) (e)
. T T T
0 180 0 180

Figure 6

Illustration of the different peaks obtained from a typical orientation ()
image. A threshold of sind > 0.1 was set for all the peak analyses. It can
be seen that the ordered region of the crystal results in a sharp peak as in
(a) and (b). After a threshold of 0.1 was set no data remained in region
(c), so it is not plotted. The loops in which the crystals are mounted are
birefringent, so selection of region (d) also results in a sharp peak. The
area used for analysis was chosen such that the loop did not contribute to
the peak fitted to the crystal data. Disordered regions such as the solvent
produce broader peaks (e).

fuged at 13 000 rev min~' prior to crystallization using the
hanging-drop method with a well solution consisting of 3.4 M
1,6-hexanediol, 0.2 M MgCl, and 0.1 M Tris pH 8.5. The
crystals produced were orthorhombic, belonging to space
group 1222 with unit-cell parameters a = 93, b = 98, c = 102 A.
Crystals were cryoprotected by soaking them for between 4
and 40 min in a solution consisting of 30% MPD, 0.2 M MgCl,
and 0.1 M Tris pH 8.5.

The fibronectin domains *F1 and *F1 were crystallized using
the hanging-drop method with a well solution consisting of
0.1 M acetate buffer pH 4.5, 0.2 M ammonium sulfate and 5%
PEG 550 (Rudifo-Pifiera et al., 2004). The crystals produced
belonged to space group P4,2,2, with unit-cell parameters
a=b=2378 c=1079A. Crystals were cryoprotected by
increasing the PEG 550 concentration to 40% in one step and
soaking for ~60 s.

4.2. Optical data collection

For both the room-temperature and 100 K experiments,
crystals were loop-mounted. For the former, they were sealed
within a 2.0 mm diameter quartz capillary using a method
developed from that of Skrzypczak-Jankun et al. (1996), using
a standard Oxford Cryosystems tophat and Plasticine to seal
the capillary to the hat; a picture of this is shown in Fig. 7. This
method of mounting crystals was chosen in order to eliminate
any crystal handling between data sets collected at room and
cryogenic temperatures, allowing observation of the effects of
the cooling process on the optical and diffractive properties.

Crystals were orientated such that the plane of the loop was
coincident with the focal plane of the microscope. This
avoided any contribution to the optical width from the nylon
loops, which are themselves birefringent. Images calculated

Figure 7

Loop-mounted crystal enclosed in a quartz capillary. The column of
mother liquor used to stop the crystal drying out can be seen at the top of
the capillary.

134 oOwen & Garman -

Predetermining protein-crystal diffraction quality

Acta Cryst. (2005). D61, 130-140



research papers

Table 2
Comparison of the optical properties of HEWL, glucose isomerase and
fibronectin crystals with data from complete diffraction data sets.

H1 and H7 and also H2 and H4 refer to data sets taken at room temperature
and 100 K, respectively. The outermost resolution shells for HEWL, glucose
isomerase and fibronectin data are 2.77-2.59, 2.36-2.20 and 2.51-2.39 A,
respectively.

Diffraction data

Data Optical Mosaicity
set  width (°) llo(D)ay Tlo(D)ouer Rsym Rmeasd PCVO (%)
H1 1.50 85.3 335 0.037 0.047 0054 043
H2 1.71 111.1 39.2 0.039  0.051 0.059 036
H3 1.77 784 32.0 0.043 0.056  0.058 0.51
H4 1.83 104.1 60.8 0.034 0.044  0.051 0.66
HS5 2.77 556 275 0.046 0.059  0.069 1.01
H6 312 96.3 44.0 0.061 0.082  0.091 030
H7 3.48 464 225 0.051 0.064 0073 115
HS8 3.63 544 222 0.061 0.077  0.088 0.49
H9 7.66 469 2238 0.082 0103 0116 035
H10 9.13 34.7 9.8 0.099 0.129 0.144 0.74
G1 35 422 18.4 0.050 0.057  0.067 0.549
G2 3.7 62.0 311 0.044 0.051 0.059  0.536
G3 3.9 83.0 470 0.046 0.053  0.061 0.408
G4 5.4 67.6 34.1 0.047 0.054  0.063 0.346
G5 5.6 713 38.6 0.039 0.044  0.051 0379
G6 101 39.0 16.7 0.052 0.060  0.071 0479
G7 113 492 202 0.046 0.053  0.063 1288
G8 150 384 14.8 0.064 0.073  0.085 1238
F1 34 434 7.1 0.039 0.050  0.055 0.791
F2 4.5 66.3 23.8 0.033 0.048  0.051 0.714
F3 4.6 52.8 12.8 0.041 0.052  0.056 0.788
F4 6.0 61.5 231 0.040 0.056 0.055  0.949
F5 6.1 36.8 6.4 0.038 0.058  0.064 0.662
F6 6.2 421 8.0 0.042 0.053  0.058 0.741
F7 6.4 29.3 3.6 0.052 0.076 0.084  0.859
F8 7.3 70.3 27.0 0.047 0.072 0079 1.066
F9 85 43.0 9.3 0.047 0.060  0.066 0.691

from 50 stepped positions of the polarizer could then be
collected. Cryocooled crystals were transfered from the
microscope by the use of either pre-cooled tongs or a remo-
vable arc (Garman & Schneider, 1997).

Initially, it was found that a recurring problem encountered
with room-temperature data collection was crystal slippage
arising from movement of crystals within the loop of liquid.
This gave difficulty in both indexing the diffraction patterns
and in scaling the data. Thus, for room-temperature analysis,
loop size had to be chosen carefully when mounting crystals.
In practice, it was found that the ideal loop was approximately
the same size as the crystal, providing support for the crystal
edges while allowing the crystal to remain enclosed by a drop
of mother liquor.

4.3. X-ray data collection

Full crystallographic data sets were collected for all of the
investigated crystals using Cu Ko X-rays from an in-house
Rigaku RU-200H generator equipped with Osmic optics and a
MAR345 imaging-plate detector. In the case of HEWL, data
were collected in two segments of 30°, the orientations of
which were determined using the strategy option in MOSFLM
(Leslie, 1999). Each image had an oscillation angle Ag = 1°.

Table 3
Additional diffraction data for HEWL, glucose isomerase and fibro-
nectin.

The outermost resolution shells for HEWL, glucose isomerase and fibronectin
data are 2.77-2.59, 2.36-2.20 and 2.51-2.39 A, respectively.

Total No. of

reflections Completeness (%)

Data Crystal Outer
set  dimensions (um) Observed Unique Multiplicity Overall — shell

H1 300 x 290 x 70 17379 3792 4.6 99.3 96.7
H2 380 x 200 x 150 16780 3632 4.6 99.4 99.0
H3 290 x 200 x 60 14418 3791 38 98.9 93.9
H4 380 x 200 x 150 16041 3632 44 99.2 96.8
H5 185 x 85 x 80 14985 3412 44 96.8 92.6
H6 250 x 360 x 150 9389 2882 33 90.4 90.9
H7 300 x 290 x 70 15237 3457 44 99.3 97.6
H8 380 x 360 x 90 14346 3672 3.9 99.3 97.3
H9 220 x 250 x 60 14820 3711 4.0 99.0 95.6
H10 200 x 280 x 80 12672 3564 3.6 97.7 923
Gl 230 x 240 x 150 94784 22900 4.1 99.5 96.7
G2 260 x 210 x 250 95111 22831 42 99.6 97.6
G3 460 x 470 x 300 95609 22708 4.2 99.5 97.1
G4 260 x 340 x 200 95964 22874 42 99.6 98.0
G5 270 x 320 x 200 96796 23058 4.2 99.6 97.3
G6 210 x 270 x 170 95756 22796 42 99.6 97.2
G7 360 x 220 x 110 95165 22800 4.2 98.6 94.7
G8 250 x 320 x 100 93273 22768 4.1 98.8 93.7
F1 180 x 200 x 140 13543 5043 2.7 98.6 95.4
F2 180 x 210 x 160 13671 5000 2.7 97.8 95.5
F3 240 x 210 x 130 13693 5181 26 99.2 98.1
F4 270 x 160 x 170 12531 4754 2.6 96.0 90.0
F5 160 x 210 x 120 13764 5115 2.7 98.7 96.5
F6 180 x 180 x 100 13884 5230 2.7 98.4 96.7
F7 160 x 210 x 120 13710 5185 2.6 98.6 96.2
F8 200 x 320 x 140 13029 4998 2.6 97.4 94.6
F9 200 x 180 x 100 13408 4900 2.7 98.4 94.8

Diffraction data for HEWL were collected with a crystal-to-
detector distance (XTD) of 250 mm; the outermost resolution
shell thus had a range of 2.77-2.59 A. Full data sets were also
collected for glucose isomerase crystals; because of the space
group (1222), a wider sweep of data had to be collected (105°
in total) to ensure that a complete data set was obtained.
However as the crystal form was body-centred, the oscillation
angle of each image could be increased to Ag = 1.5° without
losing data completeness from overlapping reflections. The
glucose isomerase data were collected with a XTD of 200 mm,
resulting in an outer resolution shell of 2.36-2.20 A. Fibro-
nectin data were collected with XTD of 220 mm, resulting in
an outer shell of 2.51-2.39 A. An oscillation angle of Ap =1°
was used and 60° of data were collected for each crystal.

For each of the protein types the same crystal to backstop
distance, slit size and generator power were used throughout.

5. Results

Optical and diffraction data sets were collected for each
crystal. The optical widths were obtained as described in §2.
Diffraction data were integrated using MOSFLM and scaled
using SCALA from the CCP4 package (Collaborative
Computational Project, Number 4, 1994; Leslie, 1999). The
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optical widths could then be compared with various indicators
of diffraction quality.

One HEWL data set was discarded as it was of questionable
quality; with R values of more than 30%, these data were
considered too poor to be used as part of a useful comparison.

Numerous attempts were made to collect room-tempera-
ture optical and diffraction data for fibronectin, using both the
mounting method described above and also more traditional
capillary-mounting techniques (Garman, 1999). However,
fibronectin was found to be very sensitive to dehydration,
resulting in the quality of diffraction being time-dependent.
The results from room-temperature studies of fibronectin are
therefore not reported here. All the other results are
summarized in Tables 2 and 3.

It can be seen from Figs. 8,9, 10 and 11 that //o([), Ryym and
Rineas0 scale approximately linearly with the width of fitted
optical peaks for both HEWL and glucose isomerase crystals.
This suggests that variations in optical orientation across a
protein crystal can be used as an indicator of the diffractive

0.15 1
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0.10 4 v e
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A « o
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2 4 6 8 10
Width of peak fitted to optical orientation (°)
Figure 8

Plot of Ry, Rmeas0 and the pooled coefficient of variation (PCVO0)
against the width of the fitted optical peak for ten HEWL crystals.

100
90 %
4 23] #
80 1 i fe
201 * 1/6(I) whole image
_ ¢ //o(I) outer shell
60
S k2
B 50+ L @
= @ o
40
1 [E7] = R
30 1 E
] = X
20 - & ol
10 4 ]
T T T T T T T T T 1
0 2 4 6 8 10
Width of peak fitted to optical orientation (°)
Figure 9

Plot of I/o(I) for both the whole image and the outer resolution shell

against the optical peak width for the HEWL crystals.

quality of that crystal. The trends for both I/o(I) and the
different R values indicate that a crystal with smaller varia-
tions in optical orientation will be of superior diffraction
quality than one with larger variations, irrespective of its
volume. There is no obvious trend for the variation in the
mosaicity with optical peak width (Fig. 12). There is also no
correlation between variations in the SOAP and the volume of
the crystal (Fig. 13).

In the case of fibronectin crystals it was found that I/o(1) did
vary as a function of volume (Fig. 14). However, it can also be
seen that R values no longer scale linearly with 7/o(1) (Fig. 15).
This suggests that when I/o(]) is dependent on crystal volume,
I/o(I) becomes a less reliable indicator of crystal quality. Fig. 16
shows a lack of correlation between /o (I) and the width of the
fitted optical peak; however, Fig. 17 shows a linear correlation
between R value and variation in SOAP.
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Plot of Rgm, Rmeas0 and the pooled coefficient of variation (PCVO0)
against the width of the fitted optical peak for eight glucose isomerase
crystals. The trend lines for Ry, (red, continuous) and Ripeas0 (black,
dashed) are shown.
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Plot of I/o(I) for both the whole image and the outer resolution shell
against the optical peak width for the glucose isomerase crystals.
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In comparing Figs. 8, 9, 10, 11 and 17 it can been seen that
while //o(I) in the case of HEWL and glucose isomerase and R
values in the case of HEWL, glucose isomerase and fibro-
nectin follow the same trends, i.e. decreasing I/o(l) with
increasing variations in SOAP and increasing R value with
increasing variations in SOAP, the rates of change differ. If a
linear regression is fitted to R value versus variation in SOAP
for both HEWL and glucose isomerase (linear fit shown for
glucose isomerase in Fig. 11), the gradients differ by up to a
factor of five in the case of Ryy,m0 and a factor of six in the case
of Rpeas0. These results clearly indicate that variations in
SOAP across a crystal can only be used to determine the
relative quality of crystals of the same protein type and not as
an absolute indicator of quality for all protein crystals.

In order to further investigate the lack of a correlation of
SOAP with crystal mosaicity, the mosaic spreads for HEWL
data were reintegrated taking into account the beam diver-
gence for blue Osmic optics, which was set to 0.1° (A. Leslie,

Mosaicity
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Figure 12
Plot of mosaicity against the width of the fitted optical peak for the
HEWL crystals.
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Figure 13
Plot of the crystal volume against the width of the fitted optical peak for
the HEWL crystals.

personal communication). It is problematic to deconvolute the
beam divergence and the crystal mosaicity, but this at least
puts a lower limit on the beam divergence. Despite this
reanalysis of the data, there was still no correlation between
variations in SOAP and the mosaicity.

Glucose isomerase data were also integrated using d*TREK
(Pflugrath, 1999). Reflection files output from d*TREK were
then converted to multi-record MTZ format using
DTREK2SCALA (G. Evans, personal communication; now
available in CCP4 v.5.0) and then scaled in the same way as
MTZ files output from MOSFLM. The data displayed in
Fig. 18 show the results of this; the d*TREK mosaicities
quoted are the full-width at half-maximum (FWHM) height of
the modelled rocking-curve widths. A direct comparison of
crystal mosaicities from different programs is difficult owing to
the different formulae used to relate the rocking width of a
particular reflection to the crystal mosaicity. However, Fig. 18
shows that while the specific program used results in changes
in the absolute value of the mosaicity obtained, the trend of
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Plot of I/o(I) against the crystal volume for nine fibronectin crystals.
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Figure 15
Plot of I/o(I) against R value for the fibronectin crystals.
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variation in mosaicity with the width of the fitted optical axis
peak remains unchanged.

The subsequent scaling of data in SCA LA meant that trends
in R values for data could be compared with the trends found
for data integrated in MOSFLM. The trends proved to be the
same (not shown).

Importantly, there is no correlation between the volume of a
crystal and variations in SOAP, as shown in Fig. 13. Thus, the
observed trends in R values and I/o(/) do not arise from the
effect of differing crystal size on diffraction quality when using
an in-house X-ray source.

6. Discussion

The plots presented above show a clear correlation between
variations in the slow optical axis position and the diffractive
properties of protein crystals. To interpret these results, we
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Figure 16
Plot of I/o(I) for both the whole image and the outer resolution shell
against the optical peak width for the fibronectin crystals.
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Figure 17

Plot of Ryym, Rmeas0 and the pooled coefficient of variation (PCVO0)
against the width of the fitted optical peak for the fibronectin crystals.

need to examine the different possible contributions to the
optical properties of the crystals.

The optical anisotropy of a protein crystal can be related
directly to the optical anisotropy of the protein molecules and
their internal structure (Ruiz & Oldenbourg, 1988). The
observed birefringence is believed to be a combination of the
intrinsic birefringence of the protein molecules themselves
and the effect of immersing molecules of a high refractive
index, n,, in a solvent of a lower refractive index, n;. This
problem was first tackled by Wiener (1912), although the work
summarized here is that of Bragg & Pippard (1953), who used
more modern notation.

In the case of a regular array of protein molecules, occu-
pying a fraction f of the unit cell, the general form of the
birefringence is

2 2_ 2 1

an” = flm "1)(1 YKL, 1+kLﬁ>’ ©
where L, and Lg are depolarizing coefficients dependent on
the shape of the protein molecules and k = (1 — f)[(n3/n?) — 1].
This expression was obtained by considering the polarizability
of ellipsoids suspended in a solution when an electric field was
applied. The above expression can be simplified if we consider
the shape of the protein molecule in two limiting cases. If the
molecules are plate-like, then

9k
An=—f(n, —n)——=. 7
flne = m) @
Rod-like molecules result in a birefringence of the form
1 9k
An=>(n =) — . ®)
2 3+k)

It should be noted that at high concentrations of protein
molecules we expect the form birefringence to be reduced, as
the last two terms in (6) both tend to 1 and therefore An® tends
to zero. Physically, the protein molecules can no longer be
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Figure 18

Plot of crystal mosaicity against optical peak width for the glucose
isomerase crystals. The mosaicities as determined by both MOSFLM and
d*TREK are shown.
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considered as separate and the shape of the molecules
becomes less important as the electric field in the solvent
becomes dominated by that in the protein molecules.

Oldenbourg & Ruiz (1989) expanded the above treatment
to particles with corrugated surfaces and interstitial solvent in
order to predict the birefringence of DNA and tobacco mosaic
virus. They showed that the effect of this more realistic
treatment is to reduce the magnitude of the form birefrin-
gence.

Thus, the phase difference, § in equation (1), is the result of
superposition of both the intrinsic birefringence of the protein
molecules and the form birefringence.

The two contributions to the birefringence and the possi-
bility of variations in the form birefringence arising from
solvent composition even if the crystal structure remains
unchanged, illustrate further why the optical anisotropy siné
cannot be used to quantify the crystal quality, even if the
crystal thickness were to be determined accurately, as siné
may vary with, for example, the duration of a soak in cryo-
protectant.

The orientation of the slow optical axis is defined by the
crystal symmetry. However, a protein crystal is not a perfect
crystal; it is a mosaic of many submicroscopic arrays in rough
alignment with each other (McPherson, 2001). The individual
arrays are too small to be separately resolved, but they result
in a smearing of the observed optical axis. The indicatrix can
also be used to describe this phenomenon: when the crystal is
subject to stress, caused by for example crystal handling or
osmotic shock upon soaking, the size, shape and orientation of
the indicatrix changes across the crystal. This is described in
detail for a crystal belonging to space group 222 by Nye
(1984).

Owing to the weak nature of the bonds holding protein
molecules together in a crystal, poor handling and mounting
techniques are enough to increase this smearing, increasing
variations in the slow optical axis position and decreasing
diffraction quality. This is reflected by reduced values of I/o(I)
and increased R values. The lack of correlation between both
the mosaicity and the slow optical axis position and the
mosaicity and other indicators of diffraction quality indicate
that the mosaicity is not a robust indicator of data quality.

This postulate can be examined further by looking at the
effect on SOAP of cryocooling crystals. In two cases, diffrac-
tion and optical data were collected from a single crystal at
both room temperature and 100 K (H1, H7 and H2, H4).
Initially, crystals H1 and H2 were of similar quality. However,
upon cooling the diffractive quality of crystal H1 almost
halved (as judged by the decrease in I/o(I) and increased R
values), while H2 remained of a similar quality. These changes
in diffractive quality were reflected by a small increase in the
variation in SOAP in the case of H1 but a large increase in the
case of H2.

It is also possible that crystal symmetry plays a role in
increasing variations in slow optical axis position. HEWL and
fibronectin are uniaxial crystals, while glucose isomerase
crystallizes in space group /222, a biaxial system; there are
therefore two possible primary optical axes. The symmetry of

a cubic crystal means that the indicatrix is a sphere; polarized
light microscopy is therefore of limited interest for proteins
crystallizing in cubic space groups. Crystallization and
screening are also areas where there is great potential for the
use of polarizing microscopes (Echalier et al., 2004), although
a supply of strain-free non-birefringent trays is required. Such
trays are in development; for example, see Cherezov &
Caffrey (2003).

The dependence of the linear birefringence on the solvent
content provides scope for further work in determining the
dominant cause of birefringence in the protein crystals studied
and such a study has previously been carried out for haemo-
globin (Perutz, 1953). The relative ease with which the posi-
tion of a (non-cubic) crystal and loop can be isolated on an
image means that this method is well suited for development
of crystal positioning and alignment software.

The results reported above indicate that variations in SOAP
across (or the ‘SOAPiness’ of) a protein crystal can be used as
an indicator of the diffractive quality of a non-cubic protein
crystal. As beamtime at synchrotron sites is a limited resource,
this provides an opportunity for evaluating crystals before
synchrotron trips and adds a potential selection step into high-
throughput pipelines prior to crystal irradiation.

In this work, we have used very different wavelengths of
electromagnetic radiation to sample the optical and diffractive
properties of protein crystals (580 nm and 1.54 A, respec-
tively). It is thus perhaps not surprising that correlations that
might have been expected (e.g. SOAP and mosaicity) were not
observed. This clearly raises further questions as to the
physical interpretation of the quantities we have measured
and how these relate to the lattice order.

The authors would like to thank Richard Glazer for
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scope, Morten Geday and staff at Oxford Cryosystems for
extensive discussions and Enrique Rudifo-Pinera for
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