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Diffraction-based automated crystal centering
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A fully automated procedure for detecting and centering protein crystals in the
X-ray beam of a macromolecular crystallography beamline has been developed.
A cryo-loop centering routine that analyzes video images with an edge detection
algorithm is first used to determine the dimensions of the loop holding the
sample; then low-dose X-rays are used to record diffraction images in a grid over
the edge and face plane of the loop. A three-dimensional profile of the crystal
based on the number of diffraction spots in each image is constructed. The
derived center of mass is then used to align the crystal to the X-ray beam.
Typical samples can be accurately aligned in ~2-3 min. Because the procedure
is based on the number of ‘good’ spots as determined by the program Spotfinder,
the best diffracting part of the crystal is aligned to the X-ray beam.
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1. Introduction

Structure-based biology is entering a new phase with the
automation and optimization of X-ray crystallography
methods. High-throughput structural genomics and drug
discovery pipelines are being optimized and automated from
the initial target selection to final structure determination
(Abola et al., 2000). One of the key steps is the collection of
X-ray diffraction data and when fully automated will enable
unattended and efficient data collection experiments (Kuhn
& Soltis, 2001). Automating all aspects of the diffraction
experiment, including mounting and centering the crystal in
the X-ray beam, would increase the efficacy and success of
high-throughput beamline experiments in general (Leslie et
al., 2002).

The recent development of robotic systems to mount
protein samples on synchrotron beamlines has significantly
increased the efficiency of data collection. For example, the
system developed at Stanford Synchrotron Radiation
Laboratory (SSRL) can mount up to 288 samples auto-
matically and can screen each one for diffraction quality in less
than 15 h without human intervention (Cohen et al., 2002).
Many robotic facilities have recently been developed for
macromolecular crystallography experiments (Muchmore et
al., 2000; Karain et al., 2002; Shu et al., 2003; Snell et al., 2004;
Pohl et al., 2004; Ohana et al., 2004; Ueno et al., 2004; Cipriani
et al., 2006), and a current listing of installations can be found
on the Robosync website: http://smb.slac.stanford.edu/
facilities/hardware/ SAM/robosync/.
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Cryo-loop centering routines are often employed for
aligning the loop containing the sample crystal to the X-ray
beam, enabling automated crystal screening. By utilizing a
beam size that is the same size or larger than the size of the
loop, test images of crystals can be readily obtained. Although
hundreds of samples can be automatically screened for
diffraction quality in this manner, a conventional data
collection experiment requires accurate alignment of the
crystal to the X-ray beam. Several automated methods for
detecting or centering crystals have recently been developed
(Muchmore et al., 2000; Karain et al., 2002; Roth et al., 2002;
Andrey et al., 2004; Lavault et al., 2006; Pothineni et al., 2006).
However, these methods use visible light and depend heavily
on crystal contrast. Inadequate lighting conditions or the
inability to distinguish crystal edges from ice, solvent or the
loop can sometimes hinder the determination of the crystal
position. A method for aligning samples using UV laser-
excited fluorescence was recently described which requires the
use of non-fluorescent loops (Vernede et al., 2006). Although
the method also requires the use of a high-powered laser, the
exposure time is short and thus the alignment of the sample
can be very rapid.

In this paper we describe a fully automated -crystal
diffraction analysis procedure to center the crystal to the
X-ray beam. This method only requires visualization of the
loop and does not require visualization of the crystal or any
special set-up of the experimental equipment. Because the
analysis is based on diffraction, the best diffracting part of the
crystal is aligned to the beam.
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Figure 1
Standard experimental set-up on the SSRL protein crystallography
beamlines.

2. Crystal centering overview

The sample centering procedure is carried out in a two-step
process: first, the cryo-loop is centered using image analysis
and then the crystal is centered on the X-ray beam using a low-
dose X-ray diffraction analysis. The center of mass of the
crystal is determined from the number of recorded diffraction
spots in a three-dimensional grid search of the loop volume.
This method is versatile and does not depend on specific
crystal cryo-cooling conditions, visibility, color or shape.

3. Instrumentation

Fig. 1 shows the standard camera set-up on the SSRL crys-
tallography beamlines. The crystalline sample is suspended in
a fine nylon loop which is attached to
a standard Hampton micro-tube and
magnetic pin. The pin is held onto the
goniometer by a magnet. The sample is
aligned to the X-ray beam using
motorized x, y and z translations
mounted on the ¢ rotation axis. The
sample is held near 100 K using a cryo-
genic gas stream that is coaxial with the
@ axis. A camera that views the sample
from below provides real-time video
of the sample position. The camera
viewing the sample is equipped with an
automated zoom feature allowing for a
magnification range of 2-20 um pixel '
and a corresponding field of view range
of 0.7-7 mm.

Figure 2
(a) Edge view and (b) face view (90° from the face view) of a loop containing a protein crystal. The
box shown in red indicates the horizontal length and vertical height of the loop and crystal as
determined using the loop centering routine. The initial 3 x 3 search grid for the loop edge is shown
in white.

4. Automated loop centering

A script was developed at SSRL to align the sample loop to
the X-ray beam based on image analysis (van den Bedem et
al.,2003; Miller et al., 2004). This technique is extremely robust
and allows for automated screening of variable-sized crystals
as long as the crystal or part of the crystal is within the loop
and the beam size roughly matches or is larger than the size of
the loop. During loop centering, a series of video images is
collected while the loop is rotated around the ¢ rotation axis;
edge detection techniques are then used to determine the face
and edge of the loop and ultimately the three-dimensional
volume of the loop and crystal together. The dimensions and
orientation of the loop and sample are obtained in ~30 s, and
the resulting volume is used for the diffraction grid search.

5. Diffraction grid search

Crystal centering is carried out by collecting diffraction images
spanning the loop volume. First, the edge view of the loop is
divided into a 3 x 3 grid based on the horizontal length and
vertical height of the loop as determined by the automated
loop centering routine (Fig. 2a). The overall search time is
significantly reduced by evaluating the edge first because it is
typically smaller in area than the face of the loop (Fig. 2b). The
X-ray beam size is set to the size of each grid component and
can differ in the horizontal and vertical directions (Fig. 2a).
Larger grids (i.e. 4 x 4) are used when the grid size is limited
by the maximum beam size available at a particular beamline.

Each grid component of the loop is sequentially positioned
on the X-ray beam for a low-dose exposure (Fig. 3). If
diffraction spots are recorded in only one or two components
of the grid, the component or components indicating diffrac-
tion are used to define a new smaller 3 x 3 grid. If diffraction is
recorded for three components in a column or row, a calcu-
lation is carried out using the number of diffraction spots to
estimate the weighted center of mass and the effective length
of the crystal.

The effective crystal length is estimated by summing the
number of spots in the three components and dividing by 3x
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View of loop and sample in the direction of the X-ray beam. The white box indicates the position and size of the beam. (a) The initial 3 x 3 diffraction
grid search spanning the edge of the loop. The sample is translated sequentially for each diffraction image. (b) An initial 1 x 3 grid on the face of the
loop, 90° from the edge view. (c) A smaller 1 x 3 grid in the vertical direction, centering in on the crystal. Note that the horizontal width of the beam in
(b) and (c), which is derived from the previous grid search of the loop edge, is smaller than the crystal length and is not centered on the crystal in this case
owing to significantly lower quality and disproportionate diffraction from the ends of the crystal.

the number of spots recorded in the central component. This
method gives rise to effective lengths that are sometimes
smaller than the actual crystal size when the crystal diffracts
weakly on the ends of the crystal as shown in Figs. 3(b)
and 3(c).

The search is considered complete when the estimated
length is more than 60% of the total length of the search grid.
However, if the estimated length is less than 60% of the
overall grid size, a new smaller grid is constructed based on the
estimated center and length of the crystal. This process is
repeated until enough data are recorded to meet the above
criteria or when the minimum beam size is reached, at which
time a final center of mass is calculated based on the available
data.

Once the center of mass is determined for the loop edge, the
sample is rotated 90° to the face, and a 1 x 3 grid search is
carried out (Fig. 3b). The horizontal beam size is set to the
horizontal width of the crystal as determined in the previous
step. An example of a smaller grid search is shown in Fig. 3(c),
where a smaller grid and vertical step size are used to center in
on the crystal.

Once determined in three dimensions, the center of mass of
the crystal is moved to the X-ray beam; the crystal is posi-
tioned to yield the best diffraction for data collection.

6. Determining the exposure time for image analysis

A key element of the auto-alignment procedure is the use of
low-intensity exposures which minimizes radiation damage to
the crystal, yet yields 100-200 diffraction spots per image for
image analysis. Based on the beamline characteristics, the
initial exposure time is set to record ~ 150 diffraction spots [as
determined from the program Spotfinder (Zhang et al., 2006)]
for a typical diffracting crystal. On SSRL beamlines 9-1 and
11-1 the initial exposure time is typically set to 0.5 s. When

there is an X-ray exposure limitation with the experimental
hardware (typically less than 1 s), aluminium filters are used to
attenuate the X-ray beam.

If more than 200 diffraction spots are recorded, the dose
is proportionally reduced to produce approximately 175 spots
for subsequent grid searches. If the maximum number of spots
is less than 100, the dose is increased to achieve ~175 spots
and the grid search is repeated. If no diffraction spots are
found in the images, the initial exposure time is incremented,
and the grid procedure is repeated. This process continues
until enough diffraction spots are recorded in at least one
component of the grid or until the pre-set maximum exposure
time is exceeded.

When subsequent grids of reduced size are used, the
exposure time is also adjusted by the ratio of the beam sizes to
yield approximately the same number of diffraction spots per
image.

7. Image analysis

Another key step in the crystal centering routine is the
analysis of the diffraction images. In a series of preliminary
experiments, it was determined that the average I/o(I) for
each integrated diffraction image could be used to determine
the crystal center of mass. For this analysis, MOSFLM (Leslie,
1992) was used to determine the average I/o([) values for each
component diffraction pattern. However, the overall time
required for the analysis was relatively long.

An alternative parameter was investigated for estimating
the center of mass from the diffraction images; the number of
‘good’ diffraction spots as determined using the program
Spotfinder was found to be essentially equivalent to measuring
I/o(I) for the purpose of crystal alignment. Spotfinder distin-
guishes ‘good’ spots from ‘bad’ spots using spot shape analysis,
ice ring detection etc. Spotfinder is also configured to exclude
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Figure 4

New crystal centering window in the ‘Staff’ tab of Blu-Ice. The ‘Config’
tab is used to set beamline-specific parameters. The interface also
includes a run log and a screen for debugging new beamline
implementations.

spots with multiple peaks. The default parameters are
normally set to reject low-intensity peaks and peaks outside a
limited resolution range. However, for this analysis the
minimum intensity pixel threshold was lowered from 1000 to
100 counts and the resolution limitations were removed.

Images are processed as soon as they are generated and run
in parallel on multiple CPUs, taking an average of 6 s each to
complete.

8. Blu-Ice interface

A new tool was implemented for crystal centering in the ‘Staff’
tab of the beamline control graphical user interface (GUI),
Blu-Ice (McPhillips et al., 2002)". The ‘Config’ tab allows staff
to set the appropriate parameters for the crystal centering
routine (Fig. 4). These parameters are typically beamline
specific. Two additional tabs are available that display current
values for debugging and a run log of the centering process.
For normal operation, a new ‘Align Crystal’ button has been
added to the data collection tab in the Blu-Ice GUI. This
feature can be used when the crystal cannot be centered
visually or when optimal diffraction quality is desired for data
collection.

9. Test conditions
9.1. Crystals
Different types of crystals were used to test the auto-crystal

alignment program including lysozyme, sperm whale myo-

! To obtain a copy of the Blu-Ice source code for evaluation or installation,
visit http://smb.slac.stanford.edu/public/research/developments/blu-ice/.

globin and a variety of proteins from Thermotoga maritima
supplied by the Joint Center for Structural Genomics (JCSG).
Approximately 50 samples were mounted in Hampton
Research cryo-loops with varying diameters of 0.05, 0.1, 0.2,
0.3, 0.4 and 0.7 mm. Crystals were selected to cover a range of
factors including size, shape and orientation. Diffraction limits
of the samples ranged from 1.3 to 3 A.

9.2. Beamline parameters

SSRL beamlines 9-2 and 11-1 were used to test the align-
ment software, each supplying a dose of ~10'' photons s
through at 200 pm x 200 um square aperture at 12 keV. The
software was configured to use the standard beam size ranges
on these beamlines (30-300 pm). Smaller beam sizes (tested to
20 um) could be used with proportionally longer exposure
times. Data were collected using an X-ray energy of 12 keV
and a sample-to-detector distance in the range 200-400 mm.

10. Results

The centering routine was used to successfully align crystals
ranging in size from 0.7 to 0.03 mm on edge to the center of the
X-ray beam. Reproducibility was within 10% of the crystal
size. For samples where the loop was no more than a factor of
two larger than the crystal, the entire alignment process took
typically 2-3 min using ~20 low-dose exposures to the crystal
which was the equivalent of one or two normal data-collection
exposures that would achieve the diffraction resolution limit.
Samples with loops mounted at an angle of 45° with respect to
the ¢ rotation axis are typically centered in 4-5 min. For very
small crystals (<50 pm) in large loops (~0.5 mm) the process
could run up to 10 min. Although the routine runs longer in
the latter cases, the actual exposure to the sample is still of the
order of one or two normal exposures. The smallest crystal
that can be aligned is generally the size of the smallest beam
available.

While testing the alignment routine, two important obser-
vations were made: (i) for any given beam profile, crystals
were aligned to the hottest part of the X-ray beam; (ii) the best
diffracting part of the crystal was aligned to the beam. These
observations are consistent with the fact that the diffraction
analysis is based on the diffraction strength of the crystal and
the number of ‘good’ spots as determined from Spotfinder.
The algorithm utilized could also be used to accurately posi-
tion the collimator that defines the position and size of the
X-ray beam with respect to the ¢ rotation axis. A prototype
routine to automate this alignment process is being tested.
Current reproducibility of the alignment procedure using a
very well defined 50 pm cube crystal is ~3 pm. Moreover, an
estimate of the crystal size could also be made based on the
diffraction analysis and in practice could be used to set an
optimal beam size for data collection. A separate study was
carried out where the average I/o(I) was calculated from
diffraction images of crystals in the same orientation but with
varying beam sizes. Typically, I/o(I) was found to be optimal
when the beam size was ~20% larger than the size deter-
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mined using the crystal centering routine, due in part to the
convergence of the X-ray beam on beamlines 9-2 and 11-1.
The current crystal centering routine adjusts the final beam
size to the calculated crystal size plus a fixed percentage that
can be selected for each beamline in the Blu-Ice ‘Crystal
Centering Config’ tab.

11. Conclusions

A robust routine for automatically aligning crystals to the
X-ray beam using low-dose X-ray diffraction data has been
successfully implemented in the Blu-Ice/DCS macromolecular
crystallography beamline control software package. This
routine optimally aligns samples without visual bias. The best
diffracting part of the crystal is aligned to the most intense
part of the X-ray beam and the optimal beam size is also
estimated for data collection. Furthermore, a prototype
routine is being developed to automatically align the X-ray
beam collimator to the center of the goniometer ¢ rotation
axis. These developments have made a significant contribution
towards the goal of a complete automated data collection
pipeline.
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onmental Research, and by the National Institutes of Health,
National Center for Research Resources, Biomedical Tech-
nology Program, and the National Institute of General
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