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Abstract: In macromolecular crystallography (MX), a complete diffraction dataset is essential for
determining the three-dimensional structure. However, collecting a complete experimental dataset
using a single crystal is frequently unsuccessful due to poor crystal quality or radiation damage,
resulting in the collection of multiple incomplete datasets. This issue can be solved by merging
incomplete diffraction datasets to generate a complete dataset. This study introduced a new approach
for merging incomplete datasets from MX to generate a complete dataset using serial crystallography
(SX). Six incomplete diffraction datasets of β-glucosidase from Thermoanaerobacterium saccharolyticum
(TsaBgl) were processed using CrystFEL, an SX program. The statistics of the merged data, such
as completeness, CC, CC*, Rsplit, Rwork, and Rfree, demonstrated a complete dataset, indicating
improved quality compared with the incomplete datasets and enabling structural determination.
Also, the merging of the incomplete datasets was processed using four different indexing algorithms,
and their statistics were compared. In conclusion, this approach for generating a complete dataset
using SX will provide a new opportunity for determining the crystal structure of macromolecules
using multiple incomplete MX datasets.

Keywords: macromolecular crystallography; incomplete datasets; merging; data processing; serial
crystallography; CrystFEL

1. Introduction

X-ray crystallography provides valuable information for elucidating the structure
of a macromolecule at atomic resolution [1,2]. Such structural information aids in the
understanding of biomolecular functions; also, it is widely applied in drug design and
enzyme engineering [3–6]. In macromolecular crystallography (MX), the three-dimensional
structure is determined using diffraction data collected from a single crystal [7,8]. However,
collecting a complete diffraction dataset from a single crystal is often challenging due
to various factors, such as poor crystal quality and radiation damage [9,10]. When the
quality of a crystal is poor or significant radiation damage occurs, the quality of X-ray
diffraction will gradually decrease during data collection [11], leading to the collection of
incomplete diffraction data such as low completeness (<90%), limited resolution range, or
low signal-to-noise ratio.

When a complete diffraction dataset cannot be obtained, researchers usually attempt
to collect another complete dataset using a different single-crystal sample. However, failure
of this approach may result in multiple incomplete datasets and a lack of necessary data
for structure determination. Although individual incomplete datasets cannot be directly
utilized for reliable structural determination, data merging using the relative intensities
can potentially generate a complete dataset with increased completeness [12].

Currently, there are several methods, such as Aimless [13], BLEND [14], and KAMO [15],
XDS/XSCALE [16], nXDS [17] that merge data from multiple crystals. They are applied to
generate complete datasets from poor diffraction data, as well as to determine the anoma-
lously scattering atomic substructure for crystals with weak anomalous scatterers (e.g., S
and P) [18].
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Serial crystallography (SX), utilizing an X-ray free-electron laser or synchrotron X-rays,
minimizes radiation damage and helps facilitate structure determination at room tempera-
ture [19–21]. SX employing pump-probe techniques with optical lasers or chemical mixing
methods which enables the visualization of the molecular dynamics during specific macro-
molecular reactions [22–26]. In an SX experiment, many crystals are continuously delivered
to the X-ray interaction point, with each crystal exposed to X-rays only once [27–30]. Then,
the diffraction data obtained from numerous crystals are merged to produce a complete
diffraction dataset for three-dimensional structural determination [31–35]. Thus, generating
a complete dataset from multiple incomplete single-shot diffraction datasets is considered
analogous to merging multi-crystal datasets with SX data processing. Accordingly, the
merging of multiple incomplete datasets collected in MX using an SX processing program
is theoretically possible but has not yet been experimentally demonstrated.

This study demonstrated the feasibility of generating a complete dataset by processing
incomplete datasets collected from MX using an SX program. Newly collected and pre-
viously collected datasets [36,37] for TsaBgl, a β-glucosidase from Thermoanaerobacterium
saccharolyticum, were used as model datasets. Diffraction images from six different in-
complete datasets were processed using the CrystFEL program, successfully yielding a
complete dataset in terms of data collection and structure refinement statistics. In addition,
the statistics of the data merging of the incomplete datasets by four different indexing
algorithms (CrystFEL, DirAx, Taketwo, and XGANDALF) were compared. These findings
provide an opportunity to determine the structures from the incomplete datasets collected
in MX.

2. Materials and Methods
2.1. Protein Preparation and Crystallization

The protein preparation of TsaBgl has been reported previously [38]. Briefly, the
expression DNA vector containing the gene encoding TsaBgl was transformed into Es-
cherichia coli BL21(DE3). Then, the cells were cultured in an LB broth medium containing
0.1 µg/mL ampicillin, and protein expression was induced by adding 0.5 mM isopropyl
β-D-thiogalactopyranoside (IPTG). After cell lysis by sonication, the supernatant was pu-
rified using Ni-NTA affinity chromatography and size exclusion chromatography using
a Sephacryl S-100 column (GH Healthcare, Chicago, IL, USA). The purified protein in
10 mM Tris–HCl, pH 8.0, and 200 mM NaCl was concentrated for crystallization. TsaBgl
crystallization was performed using the hanging drop vapor diffusion method at 20 ◦C.
TsaBgl crystals were grown under the crystallization condition with 100 mM Tris–HCl, pH
7.5, 20% (w/v) polyethylene glycol 4000, and 200 mM magnesium chloride. The TsaBgl
crystals were obtained within a month.

2.2. Data Collection

The diffraction dataset of TsaBgl (Data I) was collected using a Pilatus 6M detector
(Dectris, Baden-Dättwil, Switzerland) on the 11C beamline at the Pohang Light Source
II (PLS-II, Pohang, Republic of Korea) [39]. The X-ray wavelength was 0.9794 Å. The
TsaBgl crystals were transferred to a cryoprotectant solution containing a reservoir solution
supplemented with 20% (v/v) ethylene glycol for 5 s and mounted on the goniometer under
a liquid nitrogen stream at 100 K. The crystal-to-detector distance was set to 300 mm. The
reflections were indexed, integrated, and scaled by the HKL2000 program [40].

2.3. Data Processing

The 50 images each from the diffraction data of TsaBgl (Data I) collected in this study
and 5 other diffraction datasets of TsaBgl (Data II–VI) from a previous study (Table S1), at a
total of 300 images, were used as a model of an incomplete dataset. Each set of 50 images
of Data I–VI were processed using the CrystFEL program (version 0.10.1) [32] with the
MOSFLM indexing algorithm [41]. The indexing of the diffraction images was analyzed
using indexamajig in CrystFEL with default parameters. Then, all 300 images from the
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6 incomplete TsaBgl datasets (Data I–VI) were merged using the CrystFEL program with
the identical indexing parameters. During data processing, the detector geometry was
optimized using geoptimiser [42] in CrystFEL. The effects of the indexing algorithms were
compared by processing the 300 images from the incomplete datasets (Data I–VI) using
other indexing algorithms, such as DirAx [43], Taketwo [44], and XGANDALF [45], with
default indexing parameters in CrystFEL. Data processing script and information using
CrystFEL were summarized in Table S2.

2.4. Structure Determination

Phase problems were solved using a molecular replacement (MR) method with the
MR-phaser in PHENIX [46]. The crystal structure of TsaBgl (PDB code: 8WFT) [36] was used
as search model. Structure refinement was performed using phenix.refine in the PHENIX
program [46]. Water molecules were added to the model structure during refinement
using the default parameters in PHENIX. The model structures of TsaBgl from Data I
and the merged dataset were built using the COOT program [47]. Data collection and
refinement statistics of the Data I were summarized in Table S3. The model structures
were evaluated using MolProbity [48]. The structural figures were generated using PyMOL
(https://pymol.org).

3. Results
3.1. Merging of the Incomplete Dataset Using the SX Program

In MX data collection, when the diffraction intensity of a single crystal is good, com-
plete diffraction data can be collected and processed using an MX program, which can then
be used for structure determination (Figure 1). However, when the diffraction intensity of
the single crystal is weak or poor, it becomes impossible to collect a complete dataset with
the desired completeness and resolution. In such cases, new crystal samples are typically
used to collect X-ray diffraction studies again. When a complete dataset is not obtained
during diffraction data collection, incomplete datasets accumulate (Figure 1). By merging
these incomplete datasets, a complete dataset can be generated, enabling the determination
of the crystal structure (Figure 1). Theoretically, using SX programs, incomplete datasets
can be processed and merged into a single complete dataset.
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The capability of the SX data processing techniques in merging multiple incomplete
datasets collected from MX into complete datasets was examined. The diffraction datasets of
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TsaBgl were used as a model sample. A new dataset of diffraction data for TsaBgl, consisting
of 300 images, was collected. The processing results indicated that TsaBgl belonged to the
P212121 space group and that a complete dataset was processed to a resolution of 1.8 Å.
However, only 50 images (Data I) were used for further processing to demonstrate the
generation of a complete dataset from incomplete data. All 50 images were successfully
indexed using CrystFEL, which uses the MOSFLM algorithm, achieving an indexing rate
of 100%. Then, the resultant Data I was processed to a resolution of 1.55 Å, with an overall
completeness of 62.93% (outer shell: 38.37%), redundancy of 3.7 (2.4), signal-to-noise ratio
(SNR) of 12.43 (5.40), correlation coefficient (CC) of 0.8670 (0.0895), correlation coefficient
with a correction factor (CC*) of 0.9023 (0.4054), and Rsplit of 43.15 (114.38). Although the
overall completeness was less than 63%, an MR solution was successfully obtained from
Data I. Structure refinement revealed Rwork and Rfree to be 0.2568 and 0.2958, respectively,
which are relatively high because of the incomplete dataset in terms of completeness and
other statistics.

Then, the generation of a complete dataset using multiple incomplete datasets was
demonstrated by merging the incomplete Data I with previously collected datasets (Data II–
VI). All of the datasets shared an identical P212121 space group and similar unit cell
dimensions (Table 1). Each of the Data II–VI datasets was originally intended to produce
a complete dataset for structural determination; however, only 50 images were selected
from each as incomplete data. Then, all datasets were processed using CrystFEL with the
MOSFLM algorithm, resulting in the successful indexing of all 50 images and achieving a
100% indexing rate. Each dataset was processed to a resolution of 1.55 Å, with an overall
completeness of 40.64–57.83% (19.75–45.32%), redundancy of 5.0–3.1 (2.9–2.3), SNR of
12.02–4.83 (5.4–0.67, CC of 0.7992–0.4844 (0.3266–0.0415), CC* of 0.9425–0.8079 (0.7017–nan),
and Rsplit of 58.08–35.78 (102.45–1396.39) for Data II–VI. Although the completeness of
Data II–VI was lower than 58%, an MR solution was successfully obtained from each dataset.
Structure refinement revealed that the Rwork and Rfree values for Data II–VI ranged from
0.2472–0.3347 (0.3694–0.4770) and 0.2956–0.4345 (0.4112–0.5660), respectively, which were
relatively high due to the incomplete datasets. As a result, the 50 images from each dataset
were incomplete in terms of data processing and did not provide reliable three-dimensional
structures with high R-values.

Table 1. Data processing statistic of the merged and the multiple TsaBgl datasets processed us-
ing MOSFLM.

Data
Collection Merge Data I Data II Data III Data IV Data V Data VI

Image number 300 50 50 50 50 50 50
Space group P212121 P212121 P212121 P212121 P212121 P212121 P212121

Unit cell 1

a 65.21 64.68 64.97 65.06 64.75 65.04 64.93
b 71.12 71.54 70.94 71.21 71.02 70.95 70.81
c 99.49 98.67 98.87 99.15 98.87 99.03 98.99

Resolution (Å)
100–1.55 100–1.55 65.35–1.55 65.35–1.55 70.92–1.55 57–80–1.55 99–1.55

(1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55)
Reflections 67,418 (7112) 42,719 (2564) 39,256 (3029) 31,027 (1893) 30,820 (1764) 27,583 (1320) 38,489 (2320)

Completeness
(%) 99.32 (97.28) 62.93 (38.37) 57.83 (45.32) 45.71 (28.33) 45.40 (26.40) 40.64 (19.75) 56.70 (34.71)

Redundancy 14.3 (7.2) 3.7 (2.4) 5.0 (2.9) 3.7 (2.5) 4.0 (2.4) 3.1 (2.3) 3.8 (2.5)
SNR 3.42 (1.26) 12.43 (5.40) 4.83 (3.52) 9.46 (5.40) 12.02 (3.26) 10.36 (−0.67) 6.59 (1.93)

CC
0.8547 0.867 0.4844 0.6183 0.6135 0.5143 0.7992

(0.2974) −0.0895 −0.2932 −0.3266 −0.2852 (−0.0415) (0.0130)

CC*
0.9600 0.9023 0.8079 0.8741 0.8720 0.838 0.9425

(0.6771) (0.4054) (0.6734) (0.7017) (0.6662) (-nan) (0.1603)

Rsplit
28.99 43.15 58.08 45.42 48.12 53.69 35.78

−112.75 −114.38 −102.45 −120.92 −129.36 −211.49 (1396.39)
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Table 1. Cont.

Data
Collection Merge Data I Data II Data III Data IV Data V Data VI

MR solution

Top LLG 21,081.48 10,387.76 9237.271 7654.735 6965.579 4734.598 7238.53
Top TFZ 77.7 66.7 63.4 60.1 83.9 51.3 65.5

Refinement

Resolution (Å)
49.74–1.55
(1.60–1.55)

48.06–1.55
(1.60–1.55)

48.06–1.55
(1.60–1.55)

48.06–1.55
(1.60–1.55)

48.06–1.55
(1.60–1.55)

43.28–1.55
(1.59–1.55)

49.74–1.55
(1.60–1.55)

Completeness
(%) 99.1 61.99 57.38 45.1 44.7 38.14 54.48

Rwork 0.2035 (0.3673) 0.2568 (0.4359) 0.2472 (0.3811) 0.2651 (0.3694) 0.2840 (0.3788) 0.3347 (0.4298) 0.2877 (0.4770)
Rfree 0.2337 (0.3532) 0.2958 (0.6115) 0.2956 (0.4466) 0.3231 (0.4811) 0.3433 (0.4644) 0.4345 (0.5660) 0.3368 (0.4112)

R.M.S.D
Bonds (Å) 0.007 0.007 0.007 0.007 0.007 0.009 0.008
Angles (◦) 0.956 0.0854 0.879 0.985 0.934 1.097 0.96

B-factor (Å2)
Protein 20.07 20.84 12.43 17.93 18.1 22.12 26.36
Water 30.47 26.04 18.55 22.92 20.96 19.16 28.82

Ligands 22.62 21.1 15.09 18.12 18.56 18.58 25.38
Ramachandran

Favored 97.29 97.29 97.06 95.02 94.57 94.34 96.15
Allowed 2.49 2.71 2.94 4.98 5.43 5.66 3.62
Outliers 0.23 0 0 0 0 0

PDB code 2 9K72 9K73 8WFV 8WFW 8XPC 8XPD 8XPE

1 The unit cell dimensions for Data I–VI were obtained from the original structure processed using the complete
dataset. 2 The PDB codes for Data I–VI correspond to complete datasets. Values for the outer shell are given
in parentheses.

Next, all 300 images from Data I–VI were merged using CrystFEL with the MOSFLM
algorithm (Table 1). All 300 images were successfully indexed, achieving a 100% indexing
rate. The data were processed to a resolution of 1.55 Å with an overall completeness of
99.32% (97.28%), redundancy of 14.3 (7.2), SNR of 3.42 (1.26), CC of 0.8547 (0.2974), CC*
of 0.9600 (0.6771), and Rsplit of 28.99 (112.75) for the merged data. This result indicated
that the data processing statistics for the multiple datasets improved, with the exception
of the SNR. The MR results of the merged data exhibited higher top log-likelihood gain
(LLG) and top translation function Z (TFZ) values of 21081.482 and 77.7, respectively,
than the individual Data I–VI. Additionally, structure refinement revealed that the merged
data had lower Rwork and Rfree values of 0.2035 (0.3673) and 0.2337 (0.3532), respectively,
than the individual Data I–VI. These results demonstrated that the merging of multiple
incomplete datasets into a single complete dataset using CrystFEL was successful, enabling
the determination of a crystal structure with reliable statistics for data processing and
structure refinement.

3.2. Comparison of the Complete Merged and Incomplete Datasets

The statistics of the merged dataset were analyzed by comparing the data collection
statistics and refinement statistics of the complete merged data with those of the incomplete
Data I–VI (Figure 2). The theoretically possible number of total reflections at 1.55 Å
resolution was 67,880. Merging data involves processing more images than the incomplete
datasets and, therefore, containing information on a greater number of diffraction features,
such as Bragg peaks, along with higher redundancy (Figure 2A–C). In addition, the number
of reflections in the merged dataset was 67,418, which was 1.57–2.44 times higher than
that in different incomplete datasets (Figure 2B). The completeness of Data I–VI was lower
than 62.93 (45.32), whereas that of the merged data was 99.32 (97.28), indicating that the
completeness was significantly improved by merging using CrystFEL (Figure 2D). Other
statistical values, such as redundancy, CC, CC*, and Rsplit for the merged dataset, were
improved in all processed resolution regions by merging Data I–VI, meeting the general
standards in MX (Figure 2E–G). In contrast, the SNR of the merged data in all the resolution
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regions was lower than that of Data I–VI, indicating that SNR was not improved by the
merging of the incomplete datasets (Figure 2H).
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According to structure refinement, the electron density maps for the merged dataset
had high resolution for the entire amino acid sequence of TsaBgl, whereas the electron
density maps for some incomplete datasets had poor resolution due to low completeness
(Figure 3). Meanwhile, the merged dataset had lower Rwork and Rfree values for all resolu-
tion regions, whereas the R-values for each incomplete dataset were relatively high because
of lower data collection quality in terms of completeness, CC, and other factors (Table 1).
This result suggested that the merged dataset processed by CrystFEL provided reliable
structural information in terms of R-values. Meanwhile, the B-factor of proteins and water
molecules in the merged dataset was 20.07 and 30.47, respectively, higher than those in the
incomplete datasets (see Section 4).
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3.3. Indexing Algorithm

The indexing efficiency of the diffraction patterns and data processing statistics, such
as completeness, SNR, CC, and Rsplit, are influenced by the indexing algorithm used [49].
The impact of the indexing algorithm on the processing of multiple datasets was examined
by processing 300 images from six incomplete TsaBgl datasets (Data I–VI) using different
indexing algorithms, MOSFLM, DirAx, Taketwo, and XGANDALF, in CrystFEL with
identical indexing parameters. The indexing results showed that both MOSFLM and
XGANDALF indexed all 300 images, achieving a 100% indexing rate. In contrast, DirAx
and Taketwo processed 271 and 258 images, respectively, resulting in indexing rates of
90.3% and 86.0%. Accordingly, the results of data processing by MOSFLM, Taketwo, DirAx,
and XGANDAF revealed different values for the data processing statistics (Table 2 and
Figure 4). The profile analysis of the data processing statistics, including completeness,
CC, CC*, and Rsplit, exhibited similarities across all the resolution ranges (Figure 4). The
absolute values of these data processing statistics varied among the indexing algorithms,
but the overall values for completeness, CC, and Rsplit of the merged TsaBgl data processed
by the four algorithms indicated successful merging to produce a complete dataset. Lastly,
all datasets provided successful MR solutions, with top LLG values of 18,878–21,667 and
top TFZ values of 77.0–77.8 (Table 2).

Table 2. Statistics of the merging of multiple TsaBgl datasets using various indexing algorithms.

Data Collection MOSFLM DirAx Taketwo XGANDALF

Number of images 300 300 300 300
Indexed images 300 271 258 300

Resolution (Å)
100–1.55 100–1.55 100–1.55 100–1.55

(1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55)
Reflections 67,418 (7112) 67,135 (6365) 67,044 (6331) 67,449 (6511)

Completeness (%) 99.32 (97.28) 98.90 (95.24) 98.77 (94.73) 99.36 (97.43)
Redundancy 14.3 (7.2) 12.7 (6.5) 13.4 (6.9) 14.4 (7.3)

SNR 3.42 (1.26) 3.39 (1.12) 3.03 (0.97) 3.64 (1.21)



Crystals 2024, 14, 1012 8 of 13

Table 2. Cont.

Data Collection MOSFLM DirAx Taketwo XGANDALF

CC 0.8547 (0.2974) 0.8658 (0.2649) 0.8351 (0.2038) 0.8702 (0.2835)
CC* 0.9600 (0.6771) 0.9633 (0.6472) 0.9540 (0.5819) 0.9646 (0.6646)
Rsplit 28.99 (112.75) 29.09 (118.44) 31.97 (136.51) 28.56 (111.30)

MR solution

Top LLG 21,081.482 20,510.825 18,878.869 21,667.57
Top TFZ 77.7 77.0 74.7 77.8

Refinement

Resolution (Å)
49.74–1.55 49.74–1.55 49.74–1.55 49.74–1.55
(1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55)

Completeness (%) 99.1 98.68 98.31 99.18
Rwork 0.2035 (0.3673) 0.2087 (0.3692) 0.2123 (0.3997) 0.1994 (0.3737)
Rfree 0.2337 (0.3532) 0.2258 (0.3529) 0.2511 (0.4623) 0.2227 (0.4017)

R.M.S.D
Bonds (Å) 0.007 0.008 0.007 0.008
Angles (◦) 0.956 0.982 0.2511 0.989

B-factor (Å2)
Protein 20.07 20.92 20.95 20.37
Water 30.47 31.21 31.51 31.56

Ligands 22.62 22.27 22.71 21.85
Ramachandran

Favored 97.29 97.51 97.51 97.51
Allowed 2.49 2.49 2.49 2.49
Outliers 0.23 0 0 0

Values for the outer shell are given in parentheses.
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The MR solutions were further used for structure refinement, resulting in a clear
electron density map for the entire amino acid sequence of TsaBgl (Figure 5). Meanwhile,
the structure refinement results from processing by the four different indexing algorithms
displayed a slight variation in the Rwork and Rfree values, ranging from 19.94% to 21.23%
and 22.27% to 25.11%, respectively (Table 2). Although all of the R-values were acceptable
according to the standard criteria for structure determination in MX, the detailed quality of the
final model structure could be affected by the choice of the indexing algorithm. Additionally,
the B-factor values of the final model processed by the four different indexing algorithms were
similar for TsaBgl and water, with ranges of 20.07–20.95 Å2 and 30.47–31.56 Å2, respectively.
These results suggest that an indexing program can influence certain statistics for data
collection and structure refinement. Therefore, optimizing the indexing algorithm is also
important for obtaining a merged dataset of higher quality.
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4. Discussion

During MX data collection, factors such as low crystal quality and radiation damage
may lead to incomplete datasets with insufficient statistics, including low completeness
and low CC. The merging of incomplete datasets to generate a complete dataset is useful
for determining macromolecular structures. In this study, a new approach for generating
a complete dataset from incomplete MX datasets using CrystFEL, an SX data processing
program, was introduced.

Six incomplete TsaBgl datasets were processed and merged using CrystFEL. While
processing incomplete MX diffraction datasets using CrystFEL, it is crucial to ensure the con-
sistency of the geometry file and unit cell information. During diffraction image indexing
using “indexamajig” in CrystFEL, it is essential to input the detector geometry information,
which includes parameters such as wavelength, detector-to-crystal distance, and detector
details. Since Bragg peaks are indexed based on this geometry file, if the wavelength,
detector settings, or detector-to-crystal distance differs among the processed individual
incomplete datasets, the dataset inconsistent with the detector geometry file information
will not be indexed. Therefore, all datasets processed using CrystFEL must come from
identical experimental setups related to the geometry file; otherwise, the differences in the
setup will reduce indexing efficiency.

In addition, the unit cell parameters of the crystal samples must be consistent during
data processing. In this study, all of the diffraction datasets of TsaBgl belonged to the same
P212121 space group. The unit cell parameters for the six incomplete datasets were within
the range of a at 64.48–65.07 Å, b at 70.81–71.55 Å, and c at 98.67–99.16 Å. The default
tolerance values for the unit cell dimensions in the SX data processing were used, with
tolerances of 5% for a, b, c, and 1.5% for α, β, and γ. As a result, all unit cells fell within the
indexing parameter tolerances, enabling the successful indexing of all images. However,
if the differences in unit cell dimensions among the incomplete datasets exceed the range
of tolerance, it is necessary to increase the range during data processing to improve the
indexing efficiency. However, high tolerance in the unit cell dimensions can degrade
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the quality of the processed data. Therefore, it is advisable to merge only good-quality
datasets—if a sufficient number of incomplete datasets are available—to achieve better
data quality. In this study, TsaBgl datasets were selected to demonstrate data merging with
a sufficient volume of more than 6 datasets. Although the diffraction datasets were not
abundant, datasets from lysozyme and glucose isomerase also worked well in the merging
process using CrystFEL.

Four different indexing algorithms, i.e., MOSFLM, DirAx, Taketwo, and XGANDALF,
were used to merge the incomplete datasets. Although the statistics for data processing
and structure refinement varied according to the indexing algorithm used, all algorithms
successfully performed data merging and structure determination. In this study, the
default parameters provided by indexamajig in CrystFEL for data processing were used,
and parameter optimization to enhance the efficiency of each indexing algorithm was
not performed. Therefore, the most notable finding of the study is not that the indexing
efficiency of the algorithms differed, but that CrystFEL could successfully merge incomplete
datasets using various indexing algorithms. Additionally, during data processing with
CrystFEL, other indexing algorithms, such as XDS [16], FELIX [50], and pinkIndexer [51],
can also be used to merge incomplete datasets and generate a complete diffraction dataset.

The complete dataset generated through SX data processing achieved reliable statistical
values, such as completeness, CC, CC*, Rsplit, and redundancy, compared to the individual
incomplete datasets. In contrast, the merged dataset had lower SNR values than the
incomplete datasets, indicating that SNR was not a parameter that could be improved
simply by increasing the amount of data. Meanwhile, the relatively high SNR values
provided by the individual incomplete datasets could not be considered reliable, as they
reflected statistics from incomplete data processing.

Regarding structure refinement, the Rwork and Rfree values from the structure refine-
ment of the merged dataset showed more reliable statistical values than the incomplete
datasets. However, the B-factor values for TsaBgl and water molecules in the merged
dataset were higher than those in the incomplete datasets. The B-factor values were not
directly comparable because of the lower reliability of the individual incomplete datasets.
However, theoretically, merged datasets, as the sum of multiple data, tended to have higher
B-factors. Therefore, experimentally, merged datasets may provide higher B-factors than
single-crystal diffraction data; thus, they may not provide entirely reliable structural infor-
mation regarding protein flexibility or water molecule positions. Consequently, it would
be more rational to focus on the molecular biological function of the determined structure
rather than protein flexibility during structure determination using SX data merging.

During the revision, data merging was performed using XDS and XSCALE (Table 3).
Several data processing statistics, such as completeness and CC1/2 values generated by
XDS/XSCALE, were superior to those obtained from the CrystFEL program. As previously
mentioned, these differences can arise due to variations in the indexing algorithm, making
a direct comparison of data processing statistics challenging. Nevertheless, since results
can vary based not only on the indexing algorithm but also on the data merging program
and the user’s familiarity with the program, it is important to utilize and compare a variety
of data merging tools to achieve a high-quality dataset.

Table 3. Data processing and merging using XDS/XSCALE.

Data
Collection Merge Data I Data II Data III Data IV Data V Data VI

Image
number 300 50 50 50 50 50 50

Space group P212121 P212121 P212121 P212121 P212121 P212121 P212121
Unit cell *

a 65.21 64.68 64.97 65.06 64.75 65.04 64.93
b 71.12 71.54 70.94 71.21 71.02 70.95 70.81
c 99.49 98.67 98.87 99.15 98.87 99.03 98.99
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Table 3. Cont.

Data
Collection Merge Data I Data II Data III Data IV Data V Data VI

Resolution
(Å)

50–1.55 50–1.55 50–1.55 50–1.55 50–1.55 50–1.55 50–1.55
(1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55) (1.60–1.55)

Reflections 67,344 58,833 43,668 43,561 49,882 57,921 58,353
Redundancy 10.56 (8.02) 2.00 (1.85) 2.77 (2.52) 2.77 (2.53) 2.36 (2.14) 2.04 (1.89) 1.98 (1.81)
Completeness

(%) 99.3 (94.0) 87.4 (85.5) 64.8 (63.8) 64.3 (63.3) 74.7 (75.0) 85.6 (84.5) 86.9 (86.4)

I/sigma 9.57 (3.10) 12.63 (2.44) 9.00 (3.91) 8.03 (2.37) 13.12 (3.25) 6.13 (1.18) 8.49 (1.37)
R-factor 0.152 (0.623) 0.047 (0.313) 0.082 (0.204) 0.095 (0.443) 0.057 (0.325) 0.114 (0.762) 0.068 (0.551)
R-meas 0.160 (0.668) 0.060 (0.417) 0.097 (0.247) 0.111 (0.534) 0.069 (0.401) 0.147 (1.005) 0.087 (0.729)

CC1/2 (%) 99.3 (79.7) 99.8 (83.3) 99.2 (93.5) 99.4 (79.4) 99.8 (85.4) 99.1 (39.8) 99.7 (61.8)

* Merge dataset was generated by XSCALE.

In summary, a new approach for merging incomplete diffraction datasets from MX
into a complete dataset using an SX program was explored and validated. The successful
data merging approach using SX programs expands the applicability of SX programs in
MX data processing. This approach can be beneficial for structure determination using
multiple incomplete datasets from MX.

5. Conclusions

During MX data collection, incomplete diffraction datasets with low completeness may
sometimes be obtained due to low diffraction intensity or poor data quality. To determine
the crystal structure of macromolecules using such incomplete datasets, an approach has
been introduced that merges these datasets using serial crystallography (SX) programs.
This study demonstrates that SX programs can effectively merge incomplete MX datasets,
enabling the successful generation of a complete dataset and determination of the crystal
structure. This method expands the potential for determining crystal structures in MX
when incomplete datasets are collected, along with existing data-merging tools.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14121012/s1, Table S1: Resource of the diffraction images
used for data processing in this study.; Table S2: Data processing script and information using
CrystFEL.; Table S3: Data collection and refinement statistics for TsaBgl from the complete dataset of
Data I.
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