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    Chapter 17   

 Data Collection for Crystallographic Structure 
Determination 

           Kanagalaghatta     Rajashankar     and     Zbigniew     Dauter    

    Abstract 

   Diffraction data measurement is the fi nal experimental step of crystal structure analysis; all subsequent 
stages are computational. Good-quality data, optimized for a particular application, make the structure 
solution and refi nement easier and enhance the accuracy of the fi nal models. This chapter describes the 
principles of the rotation method of data collection and discusses various scenarios that are useful for dif-
ferent types of applications, such as anomalous phasing, molecular replacement, ligand identifi cation, etc. 
Some typical problems encountered in practice are also discussed.  

  Key words     Diffraction data collection  ,   Diffraction data quality  ,   Rotation method  ,   Strategy  

1       Introduction 

 Any X-ray structure determination project involves several steps, 
including selecting a target, cloning the gene, expressing the gene to 
obtain a suffi cient amount of the protein, crystallizing the protein, 
collecting the diffraction data, and determining and refi ning the 
structure. Clearly, diffraction data collection is the last truly experi-
mental step of the X-ray structure solution process. All subsequent 
stages are computational and can easily be repeated with different 
programs, algorithms, and parameters. Good-quality data make all 
of the computations easier and the resulting structural model more 
accurate. It is therefore important to carefully fi ne- tune all data 
collection parameters in order to obtain a diffraction data set best 
suited to the particular application. 

 Three important (and somewhat mutually contradicting) 
characteristics of an ideal data set are its completeness, resolution, 
and redundancy (in that order). First, the diffraction data set should 
be complete, i.e., it should contain all possible unique refl ections, 
and all recorded intensities should be measured accurately and be 
accompanied by reliably estimated uncertainties. Second, the data 
should extend to the highest possible resolution. However, aiming at 
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a very high resolution requires a higher X-ray dose/longer exposure, 
which may result in radiation damage and, in turn, incomplete 
data. Third, the data should be redundant, to provide good count-
ing statistics. However, aiming at very high redundancy may result 
in lower-resolution data. Hence, one has to perform a “balancing 
act” to obtain the best possible data for the goals of the project and 
the potential of the crystal in hand. 

 In practice, the measured data are never ideal, but are usually 
infl uenced to some extent by various errors and discrepancies. 
Crystallographic experiments with different goals require different 
characteristics of the measured diffraction data [ 1 ,  2 ]. For example, 
phasing of a novel protein structure using an anomalous diffraction 
approach requires data that are different from those required for 
phasing by molecular replacement or for the ultimate, high-resolution 
refi nement of the atomic model. Hence, one has to fi ne-tune the 
data collection parameters to suit the goal of the experiment. In the 
following discussion, data quality requirements for different types 
of experiments will be described. 

     The methods based on anomalous diffraction require the utmost 
accuracy of the measured intensities because they aim to utilize the 
inherently small anomalous signal for phasing. The data resolution 
does not need to extend to the full diffraction capability of the 
crystal. In fact, it may be more advantageous if one is not exces-
sively ambitious, and limits the effective exposure, by utilizing less 
than the full diffraction potential of the sample. Aiming at the 
highest-resolution data results in excessive radiation damage, which 
can signifi cantly degrade the accuracy of the data. However, the data 
set should be complete at low resolution, with all strongest, 
low-resolution refl ections measured accurately.  

  The data quality requirements of these methods are similar to those 
of SAD/MAD, although perhaps not so stringent. These require-
ments are more relaxed because the isomorphous signal is usually 
stronger than the anomalous signal. The effects of radiation damage 
should be avoided, and the exposure times should not be selected 
overzealously. Of course, since, in this case, more than one set of data 
is measured from several crystals, the possibility of non- isomorphism 
between different crystals has to be taken into account.  

  The data meant for molecular replacement do not need to extend 
to high angles, since, in this type of calculation, only relatively 
low- resolution data are used. Again, all strong, low-resolution 
refl ections should be measured completely, since they play an 
especially important role in this approach, which is based on the 
Patterson function. Omission of these refl ections is equivalent to 
setting their intensities to zero, which would severely bias the 
 calculated Patterson synthesis.  

1.1  Single- or 
Multi- Wavelength 
Anomalous Diffraction 
(SAD/ MAD)

1.2  Single or 
Multiple Isomorphous 
Replacement (SIR/
MIR)

1.3  Molecular 
Replacement (MR)
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  If one is collecting data to determine the structure using direct 
methods, one has to aim for atomic resolution, i.e., 1.2 Å or higher. 
To attain such data resolution, the crystal must be subjected to a 
high X-ray dose. In such situations, the strong, low-resolution 
refl ections reach the saturation level of the detector. To overcome 
this problem, the data should be collected in multiple passes: fi rst, 
a low-resolution pass with a lower X-ray dose to accurately measure 
the low-resolution data, followed by a high-resolution pass with a 
higher X-ray dose to obtain reasonable intensity counts for the weak, 
highest-resolution refl ections. Data completeness at low- resolution 
is also very important.  

  The diffraction data intended for the ultimate model refi nement 
should extend to as high a resolution as the crystal is reasonably 
able to provide. A certain amount of radiation damage is then 
unavoidable, but it should not be excessive, so that the crystal 
should not “die” before the completion of the data set. A small 
amount of missing data is acceptable, but it should be remembered 
that missing refl ections (especially the strongest) always deteriorate 
the appearance of all Fourier maps, biasing the interpretation of 
fi ne structural features. For very well-diffracting crystals, it may be 
advisable to use multiple passes for data collection.  

  The highest priority in experiments intended for the initial search 
for potential ligands is rapid turnover. Because ligand identifi cation 
is usually based on difference Fourier maps, the total data com-
pleteness and resolution are not so crucial. For the proper struc-
tural analysis, data from such initially identifi ed complexes may be 
more accurately and comprehensively measured later.  

  In practice, however, diffraction experiments are often performed 
only once, and the same data are used for structure solution using the 
SAD, MAD, or MR methods and for the fi nal model refi nement. 
This is especially relevant in structural genomics applications, in 
which some compromises are unavoidable. Seeking too ambitious 
a resolution limit may result in a data set that is only partially com-
plete and signifi cantly deteriorated due to radiation damage. At the 
same time, too much attention to data accuracy will not deliver the 
highest possible resolution or the required data completeness. 
Selection of the appropriate protocols and fulfi lling most of the 
requirements, without excessively degrading any single one of them, 
requires careful adjustment of various experimental parameters. It is 
not always easy, even for experienced  experimenters, to optimally 
select these parameters. 

 Since the human eye is a very good detector of patterns, it is 
good practice to visually inspect one or a couple of the initial, test 
diffraction images and also to index them and check the predicted 
diffraction patterns. It is very easy to see whether the diffraction 

1.4   Direct Methods

1.5   Refi nement

1.6   Ligand Finding

1.7   The Reality
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image shows a single lattice or comes from multiple crystals, 
whether the refl ection profi les are acceptable and excessively 
smeared or overlapping, or whether there are too many overloaded 
pixels. In addition, it is important to check that the beamstop is 
positioned correctly and does not allow the direct beam to go 
through or create too much scatter around the detector center or, 
conversely, cast a shadow that is unnecessarily large, obstructing 
some of the low-resolution refl ections. 

 Before proceeding with collecting the data, it is benefi cial to 
take the time to run one of the available data collection strategy 
programs [ 3 – 6 ]. Using one or two initial test diffraction images, 
these programs are able to provide a set of optimized parameters 
based on the realistic estimation of the crystal, beam, and detector 
characteristics. 

 Another approach employs advanced robotization of the data 
collection process, which involves recording test exposures from a 
number of automatically positioned and centered crystals of equiv-
alent specimens, indexing and integrating the initial diffraction 
images, and subsequently prioritizing all crystals on the basis of the 
obtained statistics. The best-diffracting crystal is then used for 
collecting the full data set. Such an approach is becoming increas-
ingly popular in high-throughput structural biology, as it can save 
human effort and increase the experimental throughput.   

2     Geometrical Principles of the Rotation Method 

 In the rotation method [ 7 ], diffraction data are recorded on a 
(usually) fl at detector positioned in front of the crystal, whereas 
the X-ray beam is delivered perpendicular to the detector. If the 
X-rays are monochromatic, with the wavelength  λ , only refl ections 
fulfi lling Bragg’s law,  λ  = 2 d  sin θ , give rise to diffraction, which can 
be illustrated by the Ewald construction (Fig.  1 ). To bring more 
refl ections to diffraction, the crystal is rotated by small angular 
amounts during exposure (Fig.  2 ). If the goniostat is equipped 
with additional axes, these are used only to set the crystal in the 
appropriate orientation; however, during data collection, the crys-
tal is always rotated around a single axis (usually referred to as the 
omega axis), perpendicular to the incoming X-ray beam. Proper 
selection of data collection parameters will result in optimal data. 
The good news is that only a few parameters need to be optimized, 
namely, crystal-to-detector distance (affects the maximum data 
resolution); total and per-image rotation range (affects data com-
pleteness and the spot separation in a diffraction image); exposure 
time and X-ray fl ux (these two affect the diffraction strength); 
and choice of wavelength (applicable mainly for SAD/MAD 
experiments). The following sections describe these parameters 
and explain how they affect the data collection procedure.

Kanagalaghatta Rajashankar and Zbigniew Dauter



215

     The total rotation range needs to be large enough to measure all 
refl ections within the asymmetric unit of the reciprocal lattice, 
 producing a complete data set. A range of 180° will always ensure 
the full completeness of the native data for all crystal symmetries, 
but, in many cases, completeness may be achieved earlier, avoiding 
unnecessary radiation damage. It is therefore benefi cial to select a 
starting crystal orientation that ensures the full completeness in the 
smallest rotation range. If the crystal survives, the range may be 

2.1  Total 
Rotation Range

  Fig. 1    The Ewald construction illustrates Bragg’s law in three dimensions. The diffraction occurs at a diffraction 
angle, 2 θ , if the refl ection, with resolution d represented by the reciprocal lattice point at a distance 1/ d  from 
the origin of the reciprocal space, lies at the surface of the Ewald sphere of radius 1/ λ , centered at the direct 
X-ray beam. The graph represents the central cross-section through the three-dimensional Ewald sphere. This, 
and most of the other fi gures, are reproduced with permission from the International Union of Crystallography 
from Acta Crystallogr D [ 24 ]       

  Fig. 2    To bring consecutive refl ections to diffraction, the crystal, represented here as a reciprocal lattice, has 
to be rotated       
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extended so that more images are collected. This will increase data 
multiplicity, which results in increased accuracy. Selection of the 
optimal start and range of rotation in such a “minimalist” approach 
depends on the crystal symmetry and orientation. For example, 
when rotating a crystal of symmetry P422 around the fourfold 
axis, it is enough to cover 45°, but if it is rotated around a vector 
lying in the  a ,  b -plane, 90° of rotation is necessary to achieve com-
pleteness of the data (Fig.  3 ). Moreover, if the starting orientation 
is incorrect, the required range may be unnecessarily extended 
(Fig.  4 ).

      Real crystals are built from small, mosaic blocks, slightly misori-
ented with respect to each other. As a result, each block diffracts in 
an orientation that is slightly different from that of the surround-
ing blocks, so that, in effect, the diffraction of a single refl ection 
from a mosaic crystal is not instantaneous, but occurs in a small 
angular range,  η , during crystal rotation. As a result, the direction 
of the diffracted beam also spans a small angular range, producing 
a refl ection profi le at the detector that is slightly widened in the 
angular direction. In extreme cases, if the orientation of small 
crystallites is completely random, as in a powder sample, each 
refl ection forms a ring at the detector window, which is typical in 
the powder diffraction technique. However, mosaicity does not 
increase the radial width of refl ections, since the Bragg angle 
depends only on the crystal cell dimensions. 

 Other effects infl uencing the direction of diffracted rays are 
X-ray beam divergence and monochromatization. The beam diver-
gence,  δ , depends on its collimation and the source size, and the 
spectral bandwidth Δ λ / λ  of the beam depends on the properties of 

2.2  Mosaicity and 
Beam Divergence

  Fig. 3    The reciprocal space asymmetric unit for the crystal class 422 is shown as a shaded region. If the crystal 
is rotated around its fourfold axis ( a ), the width of the asymmetric wedge is 45°, but if it is rotated around any 
vector in the  a ,  b  plane ( b ), 90° of rotation is necessary for total completeness       
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the monochromator. The primary beam is therefore not ideally 
parallel, and its wavelength band pass encompasses a small range. 
This not only increases the angular width of the refl ection profi les, 
but also extends their radial width. The size of refl ection profi les at 
the detector window is therefore usually larger than the size of the 
primary beam and dimensions of the crystal. 

 These effects are schematically illustrated in Fig.  5a , and their 
interpretation in the reciprocal space is shown in Fig.  5b . The inten-
sity profi le of the individual refl ection obtained while the crystal 
rotates is called the rocking curve, and its width, Δ θ , depends on 
both crystal mosaicity and beam divergence. It also depends on the 
angle at which the refl ection crosses the surface of the Ewald sphere, 
which determines how long the refl ection diffracts. Additionally, 
the observed refl ection profi les are infl uenced by the detector point-
spread function.

     The cell dimensions of macromolecular crystals are usually much 
larger than the wavelength of X-rays used for diffraction 
 experiments, and the Ewald sphere is therefore rather densely pop-
ulated by the reciprocal lattice points. When a stationary crystal of 
protein is exposed to X-rays, a signifi cant number of refl ections will 
be lying at the surface of the Ewald sphere. Since the reciprocal 
lattice consists of planes that cross the Ewald sphere at a circle, dif-
fracted X-rays from reciprocal points in each of these planes give 

2.3  Lunes and 
Rotation Range per 
Exposure

  Fig. 4    The orthorhombic crystal rotated around one of its twofold axes, where refl ections in the region marked 
in  green  are recorded on the lower half of the detector, and those in the  brown  region in the upper half of the 
detector window. The graphs show the central cross-section through the Ewald sphere, viewed along the 
spindle axis. 90° of rotation covers the full asymmetric unit, if the rotation started with the other two symmetry 
axes either parallel or perpendicular to the beam ( a ). In a diagonal starting orientation ( b ), the covered regions 
correspond to two 45°-wide symmetry-equivalent wedges, missing about 30 % of unique data       
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rise to a cone of diffracted rays that produce refl ections located on 
the fl at detector window at ellipses (Fig.  6 ).

   If the crystal rotates during exposure, all refl ections between 
two limiting positions of each such ellipse will be recorded at the 

  Fig. 5    Schematic illustration ( a ) of the beam divergence  δ  and crystal mosaicity  η . The total width of the rocking curve 
corresponds to the sum of these two contributions. In the reciprocal space ( b ), the beam divergence is represented 
by a slightly rotated Ewald sphere, and the crystal mosaicity by the fi nite, non-zero angular size of the reciprocal 
lattice point. The radial size of a reciprocal lattice point depends on the uniformity of the crystal cell dimen-
sions. The wavelength band pass, Δ λ / λ , may be represented by the thickness of the Ewald sphere surface       

  Fig. 6    If the crystal does not move during exposure, only refl ections positioned at the surface of the Ewald 
sphere diffract. Refl ections from successive parallel planes in the reciprocal lattice form a set of ellipses at the 
detector window, since their rays form cones having a common axis       
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detector, forming a lune containing refl ections from the same 
reciprocal lattice plane (Fig.  7 ). The width of each lune in the 
direction perpendicular to the spindle axis is proportional to Δ φ , 
the angular width of the exposure. If this width is too large, the 
consecutive lunes will overlap at the edges of the detector, corre-
sponding to high-angle, high-resolution refl ections (Fig.  8 ). This 
situation should be avoided because the individual refl ection pro-
fi les may also overlap, making the proper intensity integration 
impossible. The gap between two consecutive lunes depends on 
the distance between the reciprocal lattice planes oriented approxi-
mately perpendicular to the primary X-ray beam, which is related 
to the crystal unit cell dimension in this direction. The maximum 
allowable rotation width per image can be estimated from the for-
mula Δ φ  max  = (180 d )/( π a ) −  η  (Fig.  9 ), in which  d  is the resolution, 
 a  is the primitive cell dimension along the beam, and 180/ π  con-
verts the units to degrees. In addition, the crystal mosaicity,  η , 
diminishes the permitted width of an image. Often, thin, plate-like 
crystals have their longest cell dimension in the direction perpen-
dicular to the crystal plane and, unfortunately, such crystals tend 
to sit fl at in the loops. It may be benefi cial to use bent loops or 
employ the kappa goniostat and reorient the crystal to prevent the 

  Fig. 7    If the crystal rotates during exposure, each ellipse moves accordingly, so that refl ections from individual 
reciprocal lattice planes are grouped in lunes. The width of each lune in the direction perpendicular to the 
spindle axis is proportional to the amount of the crystal rotation       
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longest cell axis from adopting an orientation parallel to the beam, 
which would otherwise cause signifi cant overlap of refl ection 
profi les (Fig.  10 ).

        As mentioned previously, the diffraction by a single refl ection is 
not instantaneous. Instead, it occurs during rotation of the crystal 
over a small span of time, while the reciprocal lattice point crosses 
the surface of the Ewald sphere. Since the data are recorded in a 
series of exposures corresponding to a series of consecutive narrow 
rotation ranges, the intensity of some refl ections is spread over two 
or more images. Those refl ections that started diffracting on one 
image and still diffract on the next one are called partially recorded, 
or simply, “partials.” In contrast, those refl ections whose rocking 
width, and therefore total intensity, are within one diffraction 
image are called fully recorded, or “fullys.” 

 If the amount of rotation per image, Δ φ , is smaller than the 
width of the rocking curve, Δ θ , all refl ections are partials since 

2.4  Fully Recorded 
and Partial 
Refl ections: Wide and 
Fine Slicing

  Fig. 8    The gaps between consecutive lunes depend on the distance between the reciprocal lattice planes of 
the same family. If the rotation range increases ( a ,  b ), the width of each lune widens, and eventually they will 
start overlapping at the highest diffraction angles ( c )       
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  Fig. 9    To avoid overlap of the successive lunes at highest angles, the image width, Δ φ , should be smaller than 
180 d / πa  −  η , where  d  is the maximum resolution,  a  is the cell dimension along the beam direction, and  η  is the 
crystal mosaicity       

  Fig. 10    For thin crystals having their longest axis perpendicular to the plate, it may be advisable to use bent loops or 
reorientation of the kappa goniostat because a long axis that is (approximately) parallel to the spindle will never adopt 
an orientation parallel to the beam. Such an orientation would lead to signifi cant overlap of refl ection profi les       
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each refl ection is wider than the angular width of the exposure. 
This leads to two different approaches for data collection, wide 
slicing, when Δ φ  ≈ Δ θ , and fi ne slicing, when Δ φ  ≪ Δ θ . These two 
methods utilize different ways of integrating refl ection intensities. 

 In the wide-slicing technique, the intensity is integrated in all 
detector pixels of the individual refl ection profi le, and the back-
ground level is estimated from surrounding pixels within each 
recorded diffraction image. For partial refl ections, the intensities esti-
mated from subsequent images are simply added. In the fi ne- slicing 
approach, it is possible to build the refl ection profi le and to estimate 
background in three dimensions, i.e., the detector  x  and  y  coordi-
nates and the “perpendicular” direction of the spindle  φ  rotation, 
using appropriate pixels from consecutive images (Fig.  11 ) [ 8 ].

   If the image width, Δ φ , is signifi cantly larger than the refl ec-
tions width, Δ θ , the refl ection intensities are recorded at only a 
fraction, Δ θ /Δ φ , of the total exposure time, while the background 
accumulates during the whole exposure. As a consequence, the 
resulting signal-to-noise ratio in wide slicing is worse than in the 
fi ne-slicing mode. 

 In the wide-slicing mode, each lune contains fully and partially 
recorded refl ections. Fullys are located in the middle of each lune, 
and partials are close to the edges. Partials at the upper edge of 
each lune appear at the next exposure, at the lower edge of the 

  Fig. 11    If the rotation range is much smaller than the crystal mosaicity, each 
refl ection is spread over several images, and it is possible to build a three- 
dimensional profi le in the so-called “shoe-box”       
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corresponding lunes (Fig.  12 ). The appearance of the lune’s edges 
depends on the crystal mosaicity. If each lune has well-defi ned, 
sharp edges, the mosaicity is small, but refl ection intensities that 
fade away gradually without forming well-defi ned lune edges 
suggest that the mosaicity is high (Fig.  13 ).

  Fig. 12    Fully recorded refl ections occur in the middle of each lune. Partials remaining from the previous image 
are located near the lower edge, and those that just started diffracting occur near the upper edge of each lune, 
provided that a crystal rotates upwards at the side closer to the detector       

  Fig. 13    High mosaicity increases the number of partials, making each lune wider. Characteristically, with low 
mosaicity, the edges of each lune are sharply defi ned; with high mosaicity, the refl ection intensities gradually 
fade away without making well-defi ned lune edges       
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    The fi ne slicing may lead to more accurate intensity estimations, 
but at the cost of exposing many more images. This factor is impor-
tant if the detector readout time is relatively large. Collecting fi ne 
sliced data at a synchrotron beamline with an Image Plate scanner 
with 1-s exposures and 30 s of detector cycle time is obviously not 
economical. In contrast, with a pixel array detector with readout 
time in the milliseconds range, the fi ne-slicing mode should be the 
method of choice.  

  Even if the total rotation reaches 360°, some reciprocal lattice points 
lying close to the rotation axis will have no chance to cross the Ewald 
sphere (Fig.  14 ). Refl ections in this “blind region,” or “cusp”, can-
not be measured in one rotation pass of data collection. The width of 
the blind region depends on the curvature of the Ewald sphere and 
therefore on the X-ray wavelength (Fig  15 ). Using a short wave-
length minimizes the fraction of refl ections lost in the blind region. 
For a wavelength of 1 Å, refl ections lost do not exceed about 2 % at 
2.0 Å resolution and about 8 % at 1.0 Å resolution. In fact, if the 
unique crystal axis is mis-set from the direction of the spindle axis, all 
refl ections within the blind region will have their symmetry mates in 
a different region of reciprocal space, and the overall data complete-
ness will not suffer (Fig.  16 ). The blind region negatively affects the 
data completeness only if the crystal is oriented and rotated around 
its unique symmetry axis or if it has  P 1 symmetry.

2.5   Blind Region

  Fig. 14    Even after 360° rotation, some refl ections in the blind region (shown in  brown ), close to the rotation 
axis, will never cross the surface of the Ewald sphere. The blind region is narrow at low resolution, but is sig-
nifi cant at high resolution, numerically comparable to the X-ray wavelength. The fraction of refl ections lost in 
the blind region at diffraction angle  θ  is 1 − cos θ.  (Color fi gure online)       
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  Fig. 15    The width of the blind region depends on the wavelength, defi ning the curvature of the Ewald sphere. 
At a short wavelength, the blind region is smaller than at a long wavelength       

  Fig. 16    If the crystal has one unique symmetry axis, it is benefi cial to mis-set it from the direction of the spindle 
axis by at least  θ  max . By doing so, all refl ections in the blind region will have their symmetry mates in the 
measurable region of the reciprocal space       
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       Each detector has a certain limit of the dynamic range, i.e., maximum 
intensity that can be measured and stored in a single pixel. For 
example, most of CCD detectors store numbers as 16-bit integers, 
so that the maximum pixel value is 2 16  − 1 = 65,535, and higher 
intensities are truncated to this value (Fig.  17 ). The PILATUS 
detectors work with 20-bit numbers, and their numerical dynamic 
range is about 1 million.

   Well diffracting crystals require a high X-ray dose or suffi ciently 
long exposures to adequately measure all high-resolution refl ections, 
often resulting in a number of strong, low-resolution refl ections 
having overloaded pixels in their diffraction profi les. These strongest 
refl ections play an important role in the anomalous and molecular 
replacement phasing procedures. They should be adequately mea-
sured in a separate rotation pass of data collection, with shorter 
exposures or attenuated beam intensity. Such a “low-resolution” 
pass may cover only low-resolution data, using longer detector dis-
tance and wider rotation per image. Refl ections from all passes 
should then be scaled together. 

 If the initial exposure suggests that an additional, low- resolution 
pass may be required, it is better to perform it before the high-
resolution pass. It is benefi cial to measure the most important 
refl ections while the crystal is not signifi cantly affected by radiation 

2.6  Overloaded 
Detector Pixels

  Fig. 17    A detailed profi le of an overloaded refl ection, with several central pixels 
having the maximum tolerated value 65,535       

 

Kanagalaghatta Rajashankar and Zbigniew Dauter



227

damage, inevitably incurred when exposures are longer. The low-
resolution pass involves much less damage, and the subsequent 
high-exposure pass is therefore not signifi cantly infl uenced. 

 In this context, using the fi ne-slicing mode is also benefi cial 
because the strongest intensities are split between several images, 
and the probability of overloads is considerably diminished.  

  In certain crystal classes, refl ections can be indexed according to 
more than one permitted, but not equivalent, schemes. This occurs 
when the symmetry of the crystal class (point group) is lower than 
the symmetry of the lattice, as, e.g., for crystals with polar axes that 
can be directed in two ways (Fig.  18 ). The affected point groups 
are 4, 3, 321, 312, 6, and cubic 23, including space groups with all 
combinations with screw axes. For a single pass of data collection, 
it is immaterial how all the refl ections are indexed, but for merging 
or comparing data from multiple passes or separate crystals (including 
derivatives), it is important to preserve the same indexing scheme 
in all contributing sets of data. This effect may also occur in other 
symmetries, if some cell parameters serendipitously adopt certain 
particular values and the crystal lattice “pretends” to show higher 
symmetry than that of the crystal structure.

   If, at the stage of data collection, the crystal structure and true 
symmetry are unknown, then in cases of tetragonal, trigonal, 
hexagonal and cubic lattices it is always safer to assume that the 
crystal has symmetry lower than holohedry (4 instead of 422, 
3 instead of 622, and 23 instead of 432) and adjust the data collec-
tion strategy accordingly. 

 It is advisable to always start the data collection at the appro-
priate optimal crystal orientation to achieve completeness after 

2.7  Alternative 
Indexing and Twinning

  Fig. 18    In polar space groups, as, for example, in P4, refl ections can be indexed in two permitted, but not 
equivalent, ways, with the unique polar axis directed in one ( a ) or the opposite ( b ) way. This has to be taken 
into account in merging refl ections from different data sets       
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minimal total rotation range, but to continue collecting 180° of data. 
If completeness is achieved earlier, the images affected by radiation 
damage can be discarded, but this approach may be benefi cial if 
the crystal symmetry is found to be lower than suggested by the 
initial indexing. 

 The same crystal classes can be affected by merohedral twinning 
[ 9 ], which occurs when the individual crystalline specimen con-
tains separate, alternatively oriented domains, and non- equivalent 
refl ections from both domains overlap precisely. In such cases, the 
same considerations apply, since the real crystal symmetry is then 
lower than apparent from indexing and even from scaling the data. 
In perfect merohedral twins, when the twinning fraction is 1/2, 
i.e., the irradiated volume of both twin domains is equal, the scaling 
statistics ( R  merge ) may suggest a high degree of symmetry, whereas 
in reality, the crystal has lower symmetry. Data from twinned 
crystals are characterized by an intensity distribution that is differ-
ent from the “normal” Wilson statistics, with smaller fractions 
of very weak and very strong refl ections, which are apparent from, 
e.g., N( z ) or H tests. 

 It is always advisable to test diffraction data for twinning early 
on, because more than the expected rotation range may be neces-
sary. It is possible to quickly test data for twinning at the dedicated 
“Merohedral Crystal Twinning Server”   http://nihserver.mbi.
ucla.edu/Twinning/    .  

  Radiation damage incurred to protein crystals, especially at the 
bright contemporary synchrotron beamlines, results in signifi cant 
degradation of diffraction data quality. Even at cryo-temperatures 
of about 100° K after absorbing about 20–43 MGy, the total inten-
sity of all diffracted refl ections diminishes to half of the original 
value [ 10 ,  11 ]. The fi rst to suffer are the highest-resolution refl ec-
tions, and 1 MGy of the absorbed dose increases the data-scaling 
B factor by about 1 Å 2 , but the intensities of the low-resolution, 
strongest refl ections also change as a result of structural rearrange-
ments and chemical modifi cations (breakage of disulfi de bridges, 
decarboxylation of acids, etc.). The effects of radiation damage, 
therefore, degrade not only the data resolution and quality, but 
may also be responsible for potential misinterpretation of certain, 
fi ne structural features, such as partially occupied ligands, or of the 
behavior of functionally important residues. 

 Cryo-cooling and, in certain cases, the use of radical scavengers 
diminish the secondary effects resulting from the diffusion of certain 
active species throughout the crystal. However, primary radiation 
damage, i.e., the immediate effect following the absorption of 
X-ray quanta, as a physical phenomenon is inevitable [ 12 ]. In practice, 
limiting the radiation damage can be achieved only by reducing 

2.8  Radiation 
Damage

Kanagalaghatta Rajashankar and Zbigniew Dauter

http://nihserver.mbi.ucla.edu/Twinning/
http://nihserver.mbi.ucla.edu/Twinning/


229

the exposure time or attenuating the intensity of the X-ray beam. 
As pointed out previously, a certain degree of damage is allowable 
if the data are to be used for fi nal model refi nement, but for 
anomalous phasing applications, it should be avoided. 

 It is therefore advisable to check the data for radiation damage 
early in the data collection process. Contemporary data processing 
programs allow integration and merging of collected data almost 
in parallel to the image acquisition. The existing strategy programs, 
e.g., BEST [ 5 ], RADDOSE [ 11 ], are able to suggest the appropri-
ate level of exposure, allowing the collection of complete data 
within the selected total absorbed dose. 

 The useful criteria for radiation damage are the scaling B factors 
and  R  merge  values. Often the degradation of the refl ection profi les 
and the loss of high resolution are apparent by visual inspection of 
the diffraction images. The  R  merge  and  χ  2  values of the individual 
images may reveal characteristic behavior, with the highest values 
at the beginning and end of the range, and the smaller values in the 
middle (Fig. 19 ). This distribution of values occurs because average 
intensities are most similar to those recorded in the middle of the 
session and therefore most distant from those measured at the start 
and end of the session.

  Fig. 19     R  merge  and  χ  2  values for individual images from a severely radiation-damaged crystal. Both of these 
values are large for images at the beginning and end of the whole set, when the intensities are most different 
from values averaged over the entire set. In contrast, the intensities from images recorded in the middle, have 
intensities similar to the average values for the entire set       
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3         Practical Protocols 

  Two approaches are most often executed in practice, especially 
within structural genomics projects. The fi rst applies to proteins 
with no known similar structure in the PDB that could serve as an 
MR search model; the second is used for cases in which a suitable 
search model is available. Often the crystallized protein has seleno-
methionine introduced to its sequence, even if it can be expected 
to be solved by MR. The advisable protocols for these two cases are 
similar, with somewhat different priorities in the specifi c details. 

 Obviously, it is necessary to start the data collection session by 
executing the necessary preliminaries, such as selecting the 
 appropriate wavelength, accurately centering the crystal (and 
beam) at the rotation spindle axis, etc. At the beginning, a couple 
of orthogonal (separated by 90°) images should be exposed with 
typical conditions (e.g., 0.5° rotation, detector distance set for 2 Å 
resolution, and modest beam intensity) and carefully inspected 
visually. Often, such inspection allows the crystal to be discarded 
immediately if the observed images cannot be interpreted as forming 
a single, or at least a clearly identifi able, lattice of refl ections. The 
initial images should be indexed and (assuming it was successful) 
further decisions about strategy and data collection parameters 
adjusted, preferably with the use of a strategy program, on the 
basis of the initial interpretation of these images, i.e., the estimated 
crystal symmetry, cell dimensions, mosaicity, orientation, resolution 
limit, etc. As emphasized above, it is advisable to avoid overexpos-
ing the crystal; in practice, there should be no more than a few 
overloaded detector pixels present in each image. If necessary, for 
very-well- diffracting crystals, the low-resolution pass should be 
executed fi rst, before the second pass, to encompass all weak, 
high-angle refl ections. The results of the low-resolution pass may 
also suggest improved parameters for the second pass. 

 Attention should be paid to the optimal selection of the start 
range of rotation, so that data completeness may be achieved after 
minimal total rotation. However, it is benefi cial to continue record-
ing images, which, if the crystal is not excessively damaged by the 
radiation, are useful for the enhancement of data multiplicity and 
possibly for identifying cases of pseudosymmetry or twinning. 

 It is strongly advised to proceed with the integration and initial 
merging of recorded intensities immediately after the start of data 
collection. In fact, there is no excuse for not doing so. Any initial 
errors and misinterpretations can then be adequately and rapidly 
corrected. Moreover, the structure solution using the SAD or MR 
approaches can be attempted rapidly, when the crystal is still on the 
goniostat, and decisions can be made about collecting additional 
data at the same or a different wavelength (moving from SAD to 
MAD). If the results obtained from one crystal are not satisfactory, 

3.1  Most Common 
Approaches
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another specimen can be utilized immediately. Automatic programs 
such as xia2 [ 13 ], EDNA [ 14 ], etc. can be useful for achieving better 
throughput; however, one should carefully inspect the characteris-
tics and quality of the data in the data processing logfi les. 

 Different procedures must be applied when many sets of 
images are recorded “blindly” from a number of similar crystals 
with the intention of interpreting them later. In such an approach, 
it is only possible to evaluate and select the best set of images and 
process them without the possibility of “run time” intervention 
and feedback. This kind of approach considerably limits the human 
effort at the expense of using a large amount of beam time. It is 
more benefi cial to treat the diffraction data collection as a scientifi c 
process, not as a mere technicality.  

  Data intended for molecular replacement can be measured with any 
wavelength. Most of the synchrotron beamlines perform optimally 
at about 1 Å, and this wavelength is appropriate for MR applica-
tions and for collecting the ultimate data for structure refi nement. 
The wavelength may need to be shorter only if the crystals diffract 
to atomic resolution; otherwise, the limitations of the shortest 
available detector distance may preclude achieving high enough 
diffraction angles. 

 Collecting the SAD data requires that the wavelength is in the 
region providing signifi cant anomalous signal from the anomalous 
scatterers present in the sample. The maximum  f  ″ value corre-
sponds to the peak point of the fl uorescence spectrum, with the 
caveat that not all elements have their absorption edges in the 
wavelength region available at most of the macromolecular syn-
chrotron beamlines (Fig.  20 ). One can either set the wavelength to 
the peak value suggested from the spectrum, or use a wavelength 
in the high-energy, remote region, 50–100 eV above the expected 
edge value, without recording the spectrum. For utilizing lighter 
anomalous scatterers which have their edges beyond the wave-
length region available at synchrotrons (Ca, K, Cl, S, P), longer 
wavelengths are preferred, in the region of 1.7–2.1 Å [ 15 ] and, if 
available, with a helium path between the crystal and detector, to 
diminish absorption and scattering of X-rays by air. To obtain a good 
anomalous signal from sulfur in native proteins, it is advisable to 
extend data redundancy, but with a signifi cantly attenuated beam.

   For the MAD work, it is necessary to record the fl uorescent 
spectrum. The accurate values of the peak and edge wavelengths, 
and estimations of the anomalous corrections  f ′ and  f ′′ can be 
obtained using the program CHOOCH [ 16 ]. There is no consen-
sus among the community about the best protocol for performing 
the MAD experiment, except that everybody agrees that the level 
of exposure should not be too ambitious. One option is to collect 
data at three wavelengths (in any order) with modest redundancy. 
Another protocol includes collecting only at the edge and remote 

3.2  Choice of 
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wavelengths with extended redundancy, avoiding the peak 
wavelength altogether, where the most absorption and radiation 
damage would be incurred. This consideration is very important 
for elements characterized by L III  edges with extremely large  f ′′ 
values at peak wavelengths, such as lanthanides (Sm, Eu, Gd) and 
tantalum (often used as Ta 6 Br 12  2−  cluster). On the other hand, mer-
cury does not show any white line in its spectrum, so that only the 
edge and remote wavelengths are useful. The Hg-derivative data 
are  especially susceptible to radiation damage, since the Hg bonds 
to cysteine break very easily. 

 The most common anomalous scatterer for SAD and MAD 
phasing is selenium, genetically introduced to proteins in the form 
of selenomethionine (SeMet). This procedure is standard for pro-
teins expressed in bacteria, but it may be diffi cult to introduce 
SeMet to proteins obtained through other protocols. If the protein 
naturally contains metals such as Zn, Cu, Fe, or Mn, they can be 
used for anomalous phasing. Proteins often naturally coordinate 
calcium (Ca), and it may be possible to exchange Ca for lan-
thanides, providing a very signifi cant anomalous signal. It is also 
possible to soak protein crystals in heavy-metal salts according to 
classic derivatization protocols or by short-soaking approaches [ 17 ]. 
The short soaking in cryo-solutions containing bromides (for MAD) 

  Fig. 20    K ( red ) and L III  ( blue ) absorption edges of various elements.  Symbols  of the most often used anomalous 
scatterers are shown explicitly. The X-ray wavelength (energy) region available at most synchrotron beamlines 
is  shaded        
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or iodides (for SAD) provides another possibility [ 18 ]. Crystals of 
large structures such as multiprotein or protein:DNA complexes 
can be derivatized with polynuclear metal clusters, such as, for 
example, [Ta 6 Br 12 ] 2− , [PW 12 O 40 ] 3− , providing very strong anoma-
lous signals from the multicenter “superatoms,” especially at low 
resolution [ 19 ].  

  Several criteria are commonly used to judge data quality, but not all 
of them are equally useful or statistically accurate. The traditional, 
and obligatorily quoted,  R   merge   = ( Σ  hkl  Σ   i  | I  i  − < I > |)/( Σ   hkl   Σ  i  I  i ) is not 
statistically valid, since it does not take into account the effects of 
multiple measurements. More informative forms of agreement fac-
tors have been proposed, such as  R  meas  = ( Σ  hkl [ n /( n  − 1)] Σ   i  | I   i   − < I > |)/
( Σ  hkl  Σ   i   I   i  ) [ 20 ], and  R  pim  = ( Σ  hkl [1/( n  − 1)] Σ   i  | I   i   − <  I  > |)/( Σ  hkl  Σ   i   I   i  ) 
[ 21 ]. Unfortunately, these are not universally adopted in publica-
tions or in the PDB. Another measure of data quality is the average 
 I / σ ( I ) ratio; however, it is not always easy to properly estimate 
refl ection uncertainties,  σ ( I ), by using counting statistics, since 
two-dimensional detectors do not measure individual X-ray quanta 
but reproduce values proportional to their number. High multi-
plicity provides a better estimation of uncertainties from the real 
spread of individual measurements around the average value of 
intensity. Of course, data completeness and multiplicity also pro-
vide important information. The useful and statistically valid new 
criterion recently proposed is CC 1/2  [ 22 ], the correlation coeffi -
cient between two halves of the data set, scaled as a whole and 
merged in two randomly selected parts. It is important to inspect 
the values of the quality criteria at the highest-resolution range. 
The commonly accepted data resolution limit used corresponds to 
 I / σ ( I ) of about 2.0, but there are indications that this criterion 
should be signifi cantly relaxed [ 22 ]. 

 Anomalous data are also judged by the average Bijvoet ratio 
Δ F  anom / F  (as a function of resolution) and CC anom , the correlation 
coeffi cient between signed anomalous differences in two randomly 
split halves of the data. Anomalous signal useful for phasing exists 
in resolution ranges where CC anom  is higher than 30 % [ 23 ].  

  There are several reasons for failure of data collection experiments. 
Obviously, unsatisfactory crystal quality is the most common scenario, 
but often, apparently diffi cult situations may be remedied after 
proper interpretation. 

  Incorrect detector coordinates of the beam center is a common 
source of failure of autoindexing. The beam center is the location 
of the (0, 0, 0) refl ection and the place at the detector where a 
direct beam intercepts its front window if the beam stop is removed. 
For successful indexing of diffraction images, accurate beam center 
coordinates are crucial. Deviation of the beam center by a small 
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amount (several pixels) can be tolerated and refi ned by indexing 
programs. However, large deviations (more than half of the spot 
separation) result in failure in indexing. Hence, the failure rate 
increases with the length of the cell dimensions, where the spot 
separation is small. If the detector rail is not precisely parallel to the 
direct beam direction, the beam center at two different crystal-to- 
detector distances may not be the same. It is advisable to confi rm, 
or obtain the accurate values of the beam center from the beam 
line staff or from previous experiments.  

  A large beam and a big crystal of good quality always provide the 
best data. For smaller crystals, it is advisable to adjust the beam to 
the crystal size (Fig.  21 ), to avoid unwanted background scattering 
from noncrystalline surroundings (excess solvent, fi ber loop, air). 
However, this rule cannot be easily applied if the crystals are very 
elongated or nonuniform within their whole volume. For long, 
thin, needle-like crystals, it is possible to collect data at several dis-
crete spots along the length of the needle and scale them together 
to generate a complete data set (Fig.  22a ). A better way is to per-
form the so-called “vector scan” or “helical scan,” available at sev-
eral minibeam-capable synchrotron facilities, where each image is 
collected at a slightly different spot on the crystal and successively 
translated along the length of the crystal (Fig.  22b ). This process 
also maximizes the use of the whole crystal volume, thereby reducing 
the radiation damage.

    Good single crystals are capable of providing high-quality data, 
no matter which part of the crystal is used for data collection. 
However, in practice, crystals may be nonuniform in quality, 
non- homogenous, cracked, warped (because of the meniscus force 
of the cryo-solution), etc. The use of a minibeam of a few microns 

3.4.2  Use of Small Beam 
for Nonuniform Crystals

  Fig. 21    ( a ) If the beam size is much larger than the crystal, there will be a signifi cant additional scatter of the 
cryo-solution and loop, unnecessarily increasing the level of background at the diffraction images. ( b ) If the 
beam size is adjusted to the crystal size, the background level is lower, and the signal-to-noise ratio of the data 
is therefore higher       
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in size can provide useful diffraction data from such samples. Using 
microdiffraction techniques, one can evaluate the quality of diffrac-
tion on different parts of a large crystal and collect data on the best 
part. Figure  23  shows diffraction spot profi les from a warped crystal. 

  Fig. 22    With long, thin crystals it is possible increase the signal-to-noise ratio and to minimize radiation dam-
age by acquiring data with a small beam at several points along the crystal ( a ), or with the so-called helical 
data collection approach ( b ), in which the crystal is slowly translated during rotation and the beam moves 
between the two ends of the crystal       

  Fig. 23    Analogous diffraction images recorded from a large, warped crystal using a large (100 μm,  left  ), 
medium (50 μm,  middle  ), and small (20 μm,  right  ) beam. With the larger beam, the refl ection profi les are 
elongated and diffused, suggesting very high mosaicity. A small beam results in more uniform refl ection pro-
fi les and a cleaner image background       
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As can be seen, with a 100-μm beam, the refl ection profi les are 
very streaky, making it diffi cult to estimate their Bragg intensities. 
The spot profi les improve when a smaller beam is used. With a 
20-μm beam, the spots are less streaky and usable for integration.
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