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In serial crystallography (SX) with either an X-ray free-electron laser (XFEL)
or synchrotron radiation as the light source, huge numbers of micrometre-sized
crystals are used in diffraction data collection. For a SAD experiment using a
derivative with introduced heavy atoms, it is difficult to completely exclude
crystals of the native protein from the sample. In this paper, simulations were
performed to study how the inclusion of native crystals in the derivative sample
could affect the result of SAD phasing and how the post-experimental
purification proposed by Zhang et al. [(2015), Acta Cryst. D71, 2513-2518] could
be used to remove the impurities. A gadolinium derivative of lysozyme and
the corresponding native protein were used in the test. Serial femtosecond
crystallography (SFX) diffraction snapshots were generated by CrystFEL.
SHELXC/D, Phaser, DM, ARPIWARP and REFMAC were used for automatic
structure solution. It is shown that a small amount of impurities (snapshots from
native crystals) in the set of derivative snapshots can strongly affect the SAD
phasing results. On the other hand, post-experimental purification can efficiently
remove the impurities, leading to results similar to those from a pure sample.

1. Introduction

Serial crystallography (SX) using either a hard X-ray free-
electron laser (Chapman er al, 2011) or third-generation
synchrotrons (Gati et al., 2014; Stellato et al., 2014; Botha et al.,
2015; Nogly et al., 2015) provides new opportunities in protein
crystallography. It enables the solution of protein structures
using multiple micrometre-sized crystals, while conventional
protein crystal structure determination requires single crystals
that are more than ten times larger. SX also greatly reduces
the effect of radiation damage on the diffraction data and thus
avoids the need to cryocool the sample. On the other hand,
SX creates new problems. The use of a huge number of
micrometre-sized crystals instead of only one or just a few
single crystals leads to sample heterogeneity becoming a
serious problem that affects the data quality and consequently
the result of the analysis.

The SAD (single-wavelength anomalous diffraction)
method, including the SAD phasing-based SIRAS (single
isomorphous replacement with anomalous scattering) method
(see Yao, Zhang et al., 2014), is nowadays the first choice in
solving protein structures that do not have appropriate known
homologues. The first successful SFX SAD phasing was
performed on an gadolinium derivative of hen egg-white
lysozyme (Barends et al., 2014). Yamashita ez al. (2015) solved
the structure of luciferin-regenerating enzyme (LRE) using
SFX SIRAS data, but failed to solve the same structure via
SFX SAD phasing. To the authors’ knowledge, no previously
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Table 1
Test samples.

The resolution range was 40-1.83 A.

No. of snapshots

Sample No. Impurities (%) Derivative Native
1 0 2.97 x 10° 0
2 1 2.97 x 10° 3000
3 2 297 x 10° 6061
4 3 2.97 x 10° 9185
5 4 297 x 10° 12375
6 5 2.97 x 10° 15631
7 6 2.97 x 10° 18957
8 7 297 x 10° 22354
9 8 297 x 10° 25826
10 9 297 x 10° 29373
1 10 297 x 10° 33000
12 11 297 x 10° 36707
13 12 2.97 x 10° 40500
14 13 297 x 10° 44379
15 14 297 x 10° 48348
16 15 297 x 10° 52411

unknown protein structures have been solved using SAD data
from SX experiments. In addition to other reasons, this is
owing to the fact that SAD signals are weak and sensitive to
sample heterogeneity. In this paper, the effect of sample
impurities on SFX SAD phasing is studied in detail using
simulated data. In order to obtain sufficiently strong anom-
alous scattering signals to solve large protein structures by
SAD phasing, derivative samples are often prepared by
introducing heavy atoms into crystals of the native protein.
In this case, there is no guarantee that the process is 100%
complete. Hence, some native crystals would remain as
‘impurities’ in the derivative sample, which consists of a huge
number of microcrystals. In the present test, we assumed that
the samples are mainly derivative crystals but contain
different percentages of native crystals as impurities. The
method used to identify impurities and to purify the samples
(Zhang et al., 2015) is based on the variation of unit-cell
parameters from native to derivative crystals. It is commonly
found that the unit-cell parameters of native crystals are
slightly different from those of derivative crystals [see, for
example, Lu et al. (2011) and Yao, Cherney et al. (2014) with
regard to single-crystal diffraction experiments and Botha et
al. (2015) with regard to SX diffraction experiments]. In the
present test, we assume that both the chemical and physical
environments of the sample crystals are kept fixed during a
single SFX experiment. Hence, the difference in the unit-cell
parameters may be used to distinguish native crystals from
derivative crystals.

2. Samples

The crystal structures of native hen egg-white lysozyme (PDB
entry 4et8) and of a gadolinium derivative (PDB entry 4n5r)
have been solved by Boutet et al. (2012) and Barends et al
(2014), respectively, using SFX data. The two structures were
used in the calculation of simulated SFX diffraction snapshots.
Hen egg-white lysozyme crystallizes in space group P4;2,2,

Table 2

Conditions for the simulation of SFX diffraction snapshots.
Photoenergy (eV) 8.49 x 10°

Photons per pulse 5 x 10"

Pixel size (pm) 110

Pixels on the detector 1456 x 1456
Sample-to-detector distance (cm) 10

Crystal size (nm) 500-5000

Anomalous scattering factors of Gd
Atomic parameters of the sample

' =-0.996, f"" = 18.091
Taken from PDB entries 4n5r for the

proteins derivative and 4et8 for the native
Poisson noise (%) 6.9
Table 3

Numbers of snapshots of the native and the derivative included in the
‘small’ (blue) peak and the ‘large’ (red) peak for different samples after
treatment by post-experimental purification.

Blue peak Red peak

Native Derivative Native snapshots Derivative
Sample No. snapshots snapshots (% impurities) snapshots
2 2960 1622 30 (0.01) 295124
3 5979 1622 62 (0.02) 295124
4 9074 1622 89 (0.03) 295124
5 12222 1622 122 (0.04) 295124
6 15449 1622 147 (0.05) 295124
7 18743 1622 173 (0.06) 295124
8 22106 1622 197 (0.07) 295124
9 25530 1622 239 (0.08) 295124
10 29034 1622 276 (0.09) 295124
11 32613 1622 315 (0.11) 295124
12 36277 1622 350 (0.12) 295124
13 40022 1622 390 (0.13) 295124
14 43838 1622 443 (0.15) 295124
15 47759 1622 484 (0.16) 295124
16 55891 1622 525 (0.18) 295124

with unit-cell parameters a = 79.0, ¢ = 38.0 A, and there are 129
amino-acid residues in the asymmetric unit. The Gd derivative
of lysozyme crystallizes in space group P432,2, with unit-cell
parameters a = 79.1, c = 39.2 A, and there are 129 amino-acid
residues and two Gd atoms in the asymmetric unit. SFX
diffraction snapshots of the derivative and the native were
calculated separately and then mixed in different percentages
to prepare 16 sets of sample data as shown in Table 1. The
simulation of SFX diffraction snapshots was performed using
CrystFEL v.0.5.4a (White et al., 2012) with the conditions
summarized in Table 2.

3. Purification and diffraction-intensity extraction

Sample Nos. 2-16 in Table 3 were subjected to post-experi-
mental purification. A scan of the primitive unit-cell volume
was implemented for each sample. Fig. 1 shows the results for
sample Nos. 3, 6,9, 12 and 15. As can be seen, there are two
peaks in each plot, indicating that each sample consists of two
components. Their unit cells correspond to those of the Gd
derivative (the red peak) and the native (the blue peak). A
window is used to define the full width of each peak for each
sample. The purification simply involves taking out all snap-
shots belonging to the red peak within the corresponding
window. This forms a ‘purified’ set of the sample data. Since
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the red and blue peaks in all of the plots in Fig. 1 are sharp and
well separated, the width of the window for either the blue or
the red peak can be defined as the distance between these two
peaks along the horizontal axis. That is, the window for each
peak is defined as beginning at the position ‘peak centre minus
half width’ and ending at the position ‘peak centre plus half
width’. The resulting numbers of snapshots in the red peak and
the blue peak for different samples are listed in Table 3. As
can be seen, there are still impurities (native snapshots) in the
‘purified’ data of the Gd derivative (the red peak). This may be
caused by the nature of SFX diffraction. A Bragg reflection
under the simulation conditions should be a small sphere in
reciprocal space. Each snapshot is produced from a not
necessarily identical part of the reflection which intersects
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N

2.30 2.35 2.40 245 2.50 2:55
Primitive unit-cell volume (10° A%)
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Figure 1

Table 4
Bijvoet ratio and correctness of the sign of AF for different samples
before and after post-experimental purification.

Bijvoet ratiot (%)  Correctness of sign of AFE (%)

Sample Impurities Original Purified Original Purified
No. (%) data data data data

1 0 9.86 — 78.27 —

2 1 9.84 9.85 78.18 78.18

3 2 9.79 9.87 78.20 78.20

4 3 9.74 9.86 78.09 78.14

5 4 9.63 9.84 77.92 78.10

6 5 9.52 9.85 77.71 78.19

7 6 9.44 9.86 77.83 78.21

8 7 9.34 9.84 71.53 78.21

9 8 9.24 9.87 77.65 78.26
10 9 9.14 9.85 717.34 78.25
11 10 9.12 9.87 77.06 78.29
12 11 8.99 9.87 77.00 78.20
13 12 8.93 9.88 77.02 78.25
14 13 8.88 9.89 76.84 78.19
15 14 8.76 9.86 76.64 78.24
16 15 8.69 9.85 76.43 78.21

T Bijvoet ratio = (|[F* — F7|)A(F* + F~), where (...) denotes the average over

reciprocal space. § AF=F"—F~.

with the Ewald sphere. This leads to positional errors in
reciprocal space and hence to errors in unit-cell parameters.
However, the percentages of impurities after purification are
about 100 times smaller than that of the original data listed in
Table 1. In more complicated cases there may be more than
one species of impurity and the peak of the main component
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Number of diffraction snapshots as a function of primitive unit-cell volume plotted for different samples. (a), (), (¢), (d) and (e) are the results from

sample Nos. 3, 6, 9, 12 and 15, respectively (see Table 1).
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Table 5
The best CC,; and CCy, Within 10 000 trials of SHELXD and the
accuracy of the resultant heavy atoms for different diffraction data sets.

Averaged deviationf (A)
of Gd atoms in the

CCyp (%) CCyeak (%) heavy-atom substructure
Impurities Original Purified Original Purified Original Purified
(%) data data data data data data
0 41.38 — 24.69 — 0.061 —
1 41.53 41.29 24.82 23.82  0.065 0.061
2 4171 4122 24.66 24.05 0.063 0.055
3 4120 4110 2373 23.72 0.055 0.064
4 41.13 4124 2355 23.71 0.061 0.070
5 4121 4121 23.75 23.89 0.063 0.065
6 41.47 4130 2383 23.95 0.051 0.060
7 4121 41.17 23.88 23.61 0.050 0.052
8 41.09 41.33 2322 23.97 0.067 0.064
9 40.68 41.37 23.09 2321 0.061 0.066
10 40.48 41.39 23.16 2362  0.075 0.061
11 40.10 4133 22.76 24.09 0.074 0.066
12 39.86 4132 2250 2394  0.069 0.067
13 39.66 41.38 22.19 23.66 0.064 0.066
14 39.28 4140 22,01 24.06 0.077 0.069
15 39.01 41.21 20.75 23.81 0.077 0.068

+ Calculated against the two Gd atoms in the final structure of the Gd derivative of
lysozyme (PDB entry 4n5r).

Table 6
Summarized results of structure solution for different diffraction data
sets.

No. of resigues with
AC*T <1A (average

Phase error (°) deviation of C* in A)

Phaser DM ARP/wARP
Impurities Original Purified Original Purified Original Purified
(%) data data data data data data
0 51.9 — 48.7 — 126 (0.086) —
1 51.9 52.0 48.8 47.9 126 (0.080) 126 (0.077)
2 51.8 51.9 489 483 126 (0.082) 126 (0.079)
3 52.1 52.0 48.8 48.1 105 (0.112) 126 (0.079)
4 522 51.8 49.1 48.1 126 (0.082) 126 (0.087)
5 52.5 52.0 48.8 483 126 (0.084) 126 (0.090)
6 52.6 52.0 49.2 48.4 93 (0.170) 126 (0.088)
7 529 519 493 48.6 76 (0.224) 127 (0.090)
8 53.0 51.8 49.6 48.3 84 (0.182) 126 (0.087)
9 533 52.0 49.6 483 45 (0.346) 126 (0.081)
10 534 521 49.9 48.5 75 (0.217) 127 (0.081)
11 53.5 51.8 50.1 48.4 56 (0.264) 127 (0.089)
12 53.7 519 50.0 48.6 57 (0.304) 126 (0.087)
13 54.0 52.0 50.9 48.4 55 (0.301) 127 (0.084)
14 542 52.0 51.1 48.1 80 (0.235) 126 (0.087)
15 543 519 514 48.2 49 (0.375) 126 (0.081)

+ AC® is the positional deviation of C* atoms in the built model from those of the
original structure.

may overlap seriously with those of impurities. In principle,
this may be handled by just narrowing the width of the window
that contains the highest peak. The gain from post-experi-
mental purification can first be seen from the changes in the
Bijvoet ratio and the correctness of the sign of the Bijvoet
difference AF (= F* — F7) before and after purification,
which are listed in Table 4. For the original data, the Bijvoet
ratio and the correctness of the sign of the Bijvoet difference
decrease as the percentage of impurities increases. On the
other hand, for the purified data the Bijvoet ratio and the

correctness of the sign of the Bijvoet difference remain almost
constant and are nearly the same as those of the pure sample
(No. 1). While both the Bijvoet ratio and the correctness of the
sign of the Bijvoet difference in Table 4 can be one of the
quality indicators for a set of diffraction data, they are all
overall averaged values. Hence, they do not directly affect the
results of structure analysis. What directly influences the
structure-analysis results are the changes in the Bijvoet ratio
or Bijvoet difference of individual reflections. In the following,
the effect of impurities in solving the substructure of anom-
alous scatterers (Gd atoms) will be given in §4, while the effect

(%)

Figure 2

Cartoon structure models plotted by PyMOL (DeLano, 2002). (a) Left,
the resultant model from sample No. 1 (the pure Gd-derivative sample);
right, the final structure model (PDB entry 4n5r). (b), (¢), (d), (¢) and (f)
result from sample Nos. 3, 6,9, 12 and 15, respectively. Left, using original
data; right, using purified data.
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in solving the whole protein structure will be described in §5.
We now have, for each of sample Nos. 2-16, a ‘purified’ subset
within the original set. All original and purified data sets
together with the ‘pure’ Gd-derivative data (sample No. 1)
were treated separately to extract diffraction intensities by the
procedure of Zhang, Li ef al. (2014). The resultant diffraction
data sets were then used separately in all the following tests.

4. Test on solving the heavy-atom substructure

Each diffraction data set was treated separately by SHELXC/
D (Sheldrick, 2010) running with default settings. The only
exception was that the number of random-phase trials of
SHELXD was set to 10 000. Usually, 1000 or even 100 trials of
SHELXD are sufficient to solve the heavy-atom substructure
of proteins. The reason for the use of 10 000 trials here is to
eliminate strong fluctuations that are not related to SAD
signals. The best CC,j, CC,ax and the accuracy of the asso-
ciated resultant heavy atoms from each 10000 trials of

Figure 3

SHELXD are listed in Table 5. It turns out that for the original
data sets, apart from some small fluctuations, both CC,; and
CCyeax decrease as the percentage of impurities increases,
while for ‘purified’ data sets the values of CC,; and CCy.,x are
close to those for the pure sample. The same holds for the
accuracy of Gd atoms, except that there are stronger fluctua-
tions that are not related to SAD signals. On the whole, the
influence of impurities on the solution of the Gd substructure
is obvious but not serious.

5. Test on SAD-phasing structure solution of the Gd
derivative of lysozyme

Each set of diffraction intensities was passed through the
automatic de novo SAD-phasing structure-solution process
based on the heavy-atom substructure obtained in the
previous section. The process was implemented by a combi-
nation of Phaser (McCoy et al., 2007), DM (Cowtan, 1994),
ARPIWARP (Perrakis et al., 1999) and REFMAC (Murshudov

(b)

The same portion of electron-density maps calculated from different sample data plotted by PyMOL (DeLano, 2002). (a) From the data containing 2%
impurities; (b) from the data containing 15% impurities; Left, before purification; right, after purification. Electron-density contours are plotted at 1o.
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et al., 2011). The results are summarized in Table 6. It was
found that for the original data sets the phase error resulting
from either Phaser or DM increases as the percentage of
impurities increases, apart from some small fluctuations, while
the number of residues built in the model and the accuracy of
the C* atoms decreases rapidly. On the other hand, the results
from all ‘purified’ data sets are similar to that for the pure
sample, without an evident dependence on the percentage of
impurities. This can be observed intuitively in Fig. 2, where
cartoon structure models are shown for diffraction data with
different impurity concentrations. In Fig. 3 the same portion of
the electron-density map from different samples is shown
before and after purification. As can be seen, for the sample
containing 15% impurities (Fig. 3b) the quality of the electron-
density map is dramatically improved after purification. Even
for the sample containing only 2% impurities (Fig. 3a) the
improvement after purification is still obvious. By comparing
the last two columns in Table 6 with those in Table 5, it is clear
that the change in impurity concentration has a much stronger
effect on the averaged deviation of C* atoms (in solving the
protein structure) than on that of Gd atoms (in solving the
heavy-atom substructure). For C* atoms the averaged devia-
tion changes from 0.09 to 0.38 A when the percentage of
impurities changes from 0 to 15%, while under the same
conditions the averaged deviation of Gd atoms changes only
from 0.06 to 0.08 1&, which is about 15 times smaller than that
for C* atoms. This can be explained as follows: in the solution
of the heavy-atom substructure changes in the impurity
concentration directly affect the magnitudes |F* — F~|, while
in the SAD-phasing structure solution of the protein changes
in the impurity concentration directly affect the phases. As has
been well known for decades, the quality of electron-density
maps is much more sensitive to phases than to magnitudes.

6. Concluding remarks

The present test was performed assuming that an X-ray free-
electron laser source was used. However, it is obvious that
similar results can also be obtained with third-generation
synchrotron sources. Gd-derivative lysozyme SFX data with
native data as impurities mimic the common scenario of using
a huge number of micrometre-sized crystals as the diffraction
sample. Our test demonstrated that a small amount of sample
impurities could reduce the quality of the diffraction inten-

sities, making SAD phasing with SFX data more difficult. On
the other hand, post-experimental purification is capable of
efficiently removing sample impurities and substantially
improving the structure-solution results.
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