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Abstract

X-ray free-electron lasers (XFELs) have revolutionized structural biology by enabling
“diffraction-before-destruction” and capturing the ultrafast dynamics of life. However,
the intrinsic sparsity and noise of XFEL diffraction snapshots, often complicated by multi-
lattice overlaps, create a formidable computational bottleneck that limits data utilization
and structural fidelity. Here, we present MCDPS-SFX, a robust indexing framework based
on a reference-based, whole-pattern matching principle integrated with parallelized itera-
tive refinement. By exhaustively sampling orientation space and progressively rejecting
outliers, MCDPS-SFX significantly outperforms legacy algorithms—more than doubling
crystal yields in heterogeneous datasets (e.g., 21,807 vs. 8792 for MOSFLM)—and achieves
highly competitive yields comparable to state-of-the-art indexers, such as extracting over
90,000 lattices in the lysozyme benchmark. We demonstrate its efficacy on standard bench-
marks and technically demanding G-protein-coupled receptor (GPCR) systems, including
the rhodopsin-arrestin complex and the glucagon receptor. MCDPS-SEX consistently
produces high-quality data statistics, enabling the high-resolution visualization of function-
ally critical, flexible regions such as phosphorylated receptor tails. Our results provide a
powerful tool for enhancing the scientific output of XFEL experiments, offering a robust
alternative for maximizing information recovery from weakly diffracting or overlapping
crystalline samples.

Keywords: X-ray free-electron laser; serial femtosecond crystallography; multi-lattice
resolution; sparse diffraction indexing

1. Introduction

X-ray free-electron lasers (XFELs) have fundamentally transformed structural biol-
ogy by harnessing ultrafast femtosecond pulses to operationalize the “diffract-before-
destroy” paradigm, thereby bypassing traditional radiation damage limitations [1]. This
breakthrough enables the high-resolution, room-temperature structural elucidation of
delicate, radiation-sensitive systems in near-native physiological states [2,3]. Beyond
static structures, the true potential of XFELs lies in time-resolved serial femtosecond crys-
tallography (TR-SFX), which tracks sub-picosecond biological dynamics to synthesize
four-dimensional “molecular movies” of fundamental processes, such as enzyme catalysis
and multi-temperature kinetics [4-8]. Recently, the field has been significantly propelled by
next-generation XFEL facilities featuring megahertz repetition rates, alongside synergistic
advancements in exascale computing and automated microfluidic sample delivery, such
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as droplet-based injectors that minimize sample consumption [9-11]. These cutting-edge
developments allow researchers to routinely capture transient conformational interme-
diates in challenging targets, such as membrane proteins and dynamic receptor-ligand
complexes, establishing a new frontier in time-resolved structural biology and rational
drug design [12,13].

Despite these remarkable capabilities, XFEL experiments present formidable compu-
tational bottlenecks. Single XFEL “still” exposures capture only a sparse and incomplete
subset of reflections due to the exceptionally thin Ewald sphere constraint [14]. This analyt-
ical challenge is compounded by low “hit rates” (<10%) from stochastic sample delivery,
generating a terabyte-scale data deluge that requires real-time triage via programs like
Cheetah [15]. Furthermore, inherent wavelength dispersion (AA/A ~ 0.1-1%) and detector
noise severely degrade the signal-to-noise ratio (SNR). Within standard data-reduction
ecosystems like CrystFEL [16], indexing remains the primary rate-limiting and most fragile
step, as lattice orientations must be determined from patterns that are simultaneously
sparse, noisy, and bandwidth-broadened [17].

Historically, indexing algorithms were optimized for the dense reciprocal-space sam-
pling of conventional rotation crystallography. Legacy programs—such as MOSFLM [18],
XDS [19], and DirAx [20]—rely on identifying lattice periodicities through Fourier trans-
forms or difference-vector clustering. While these methods are highly robust when hun-
dreds of reflections are available per image, their underlying geometric assumptions col-
lapse under XFEL conditions. In SEX, “still” images often contain fewer than 20 reflections
and lack the rotational redundancy needed to resolve lattice ambiguities. Consequently,
these traditional indexers exhibit high false-negative rates and frequently fail to process the
sparse, bandwidth-broadened patterns typical of nanocrystalline samples [21].

Recognizing these gaps, the field has seen a surge in algorithms tailored to XFEL
realities. Gildea et al. (2014) pioneered methods to deconvolve multi-lattice images, where
overlapping diffraction from multiple microcrystals often confuses standard indexers [22].
Simultaneously, Brewster et al. (2015) [21] integrated sparse-indexing capabilities into the
Computational Crystallography Toolbox (cctbx), enabling orientation determination from
as few as five reflections by leveraging prior unit-cell information. Further diversifying the
toolkit, Dejoie et al. (2015) [23] demonstrated the feasibility of indexing multi-crystal snap-
shots under the high-bandwidth (4%) “pink beam” conditions envisioned for SwissFEL.

Subsequent innovations have refined these concepts into more robust frameworks.
TakeTwo [24] introduced a pairwise inter-spot vector strategy that excels when unit-cell
priors are known. FELIX [25] adopted a Rodrigues—Frank space representation to navi-
gate orientation space without singularities, while SPIND [26] and its extension SPIND-
TC [27] optimized indexing for minimal-peak patterns and emerging two-color XFEL
modes. Recent efforts like XGANDALF [28] have reframed indexing as a global gradient-
descent problem, significantly improving success rates for noisy data. By employing
principled robust optimization techniques resilient to outliers—rather than iterative gradi-
ent descent—TORO [29] achieves state-of-the-art indexing speeds in the kilohertz regime
(>2 kHz), directly addressing the massive throughput demands of modern megapixel
detectors. Finally, pinkIndexer [30] has extended these advances to polychromatic and
electron diffraction, addressing the unique challenges of wavelength dispersion and flat
Ewald sphere geometries.

Taken together, these developments illustrate a shift from adapting synchrotron-
era legacies to engineering bespoke frameworks for the XFEL era. However, a rigorous
comparative assessment reveals that persistent limitations remain. While TakeTwo and
SPIND exhibit high precision, their heavy reliance on accurate unit-cell priors restricts their
utility for ab initio studies of novel or uncharacterized systems. Conversely, FELIX and
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XGANDALF successfully navigate multi-lattice or high-noise datasets, yet their significant
computational overhead poses a bottleneck for real-time analysis at megahertz-repetition
facilities. Furthermore, while pinkIndexer facilitates polychromatic diffraction, it remains
sensitive to wavelength calibration and often falters when confronted with extreme sparsity.
In practice, researchers must frequently toggle between disparate indexers or engage in
tedious manual parameter tuning—an iterative process that introduces inefficiency, user
bias, and reproducibility concerns into the data pipeline.

In this paper, we present a new algorithm, MCDPS-SFX (Multi-Crystal Data Processing
Suite for Serial Femtosecond Crystallography), designed to robustly index both multi-
crystal and sparse diffraction patterns encountered in X-ray free-electron laser experiments.
The primary objective of MCDPS-SEX is to achieve higher indexing rates and more accurate
structure-factor measurements, thereby significantly reducing measurement time, sample
consumption, and experimental costs. The core of the algorithm relies on a reference-
based, whole-pattern matching principle. By utilizing known unit-cell parameters and
symmetry information, MCDPS-SFX determines crystal orientations by systematically
looping through the entire orientation space [31,32]. The algorithm evaluates orientations
using a scoring function based on the match rate between observed Bragg reflections
and predicted peaks across the entire detector. Furthermore, it incorporates an iterative
refinement strategy that optimizes orientation and lattice parameters while progressively
identifying more reflections, a feature that makes it particularly resilient to outliers and
effective for resolving overlapping lattices in multi-crystal hits. To maintain high efficiency
despite the exhaustive search, orientation tasks are assigned to multiple computer cores for
parallel processing.

2. Methods

X-ray free-electron lasers can produce two types of diffraction patterns: multi-crystal
diffraction patterns and sparse diffraction patterns. For the former, accurately identifying
diffraction spots from the same lattice is crucial for successful structure determination. As
for the latter, since peaks are sparsely distributed, it is tough to identify periodicity using
Fourier methods. MCDPS-SEX can process both types of diffraction patterns. Relying on
the known unit-cell parameters and symmetry information, it can determine each crystal’s
orientation with respect to the laboratory coordinate system. The workflow of the algorithm
is illustrated in Figure 1, and the detailed steps are elaborated as follows:

(a) Bragg peaks are identified using the ZAEF algorithm from the CrystFEL suite
(version 0.10.1). Then, the positions of these peaks are transformed via a geome-
try file. Finally, the positions of these diffraction peaks are sorted in descending order
of their intensities and written into a text file one by one.

(b) When the number of diffraction peaks exceeds 100, select the first 100 peaks generated
by the above process and save them as a text file. Then, transform the 2D detector
coordinates into 3D reciprocal scattering vectors by the following equations:

X

gx = T
Mx2+y?2+D?)2
— Y
qy = I/ 1
P TET IS M
_ D 1
Jz = T2
A(x24y24+D?)2

where x and y denote the 2D coordinates of each diffraction peak on the detector
plane with respect to the beam center, D represents the distance from the sample to
the detector and A is the incident X-ray wavelength.
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Figure 1. Workflow of MCDPS-SFX.
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(d)

(e)

Create a list of unit vectors determined by two spherical polar coordinates ¢ and
¢, along with a self-rotation angle 6. To cover the entire orientation space while
considering computational cost, the search directions of i and ¢ are evenly spaced
within a hemisphere, similar to the method in MOSFLM. Specifically, ¢ varies from 0
to 7r/2 in 0.03 rad steps, ¢ ranges from 0 to 271 with 0.03/sin ¢ rad increments, and 6
changes from 0 to 27t in 0.03 rad steps. For each three-angle group, its corresponding
rotation can be represented by the Rodrigues” matrix below:

c+n2(1—c) nyny(1—c) —nzs nynz(1—c)+nys
U= | nyng(l—c)+ns c+n§(1—c) nynz(1—c) —nys |, )
nony(l—c) —nys nny(l—c)+mns  c+n2(l—c)

where s = sinf), ¢ = cosf), and ny, 1y, 1, are the Cartesian components of the unit vector,
expressed as:
(nx ny nz) = (sinypcose sinpsing cosyp), (3)

For each of the unit vectors in step (b), compute a combined orientation matrix [UB]
by directly multiplying the Rodrigues’ rotation matrix U with the orthogonalization
matrix B. Matrix B links reciprocal basis vectors to the crystallographic Cartesian
coordinate system. Then, use the Formula (4) below to determine the Miller in-
dices of each observed peak from the combined orientation matrix and reciprocal
scattering vectors.

h=(UB)'q, @)

The nearest Miller Index corresponding to each diffraction point is calculated using
Formula (5). Then, using Formula (6), the difference between h and I’ is calculated.
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Finally, using Formula (7), it is determined whether the observed peak h matches the
predicted peak h” determined by U and B.

W = round(h), (5)
Ah = ‘h K, ©)
max(Ah, Ak, Al) < 0.25, (7)

(f) Iterate through all the orientations generated in step (c) and obtain the optimal
orientation through the scoring function (8). Here, “all peaks” refers to the first
100 strongest diffraction peaks when the number of diffraction peaks exceeds 100, or
all the diffraction peaks.

match peaks

match rate = all peaks

(8)

(g) Iteratively refine: After determining an initial optimal orientation, the orientation
parameters (¢, ¢, 6) and specific lattice-related unit cells are iteratively optimized by
minimizing the following objective function using the Simplex algorithm:

2
diSC?’eplZi’lC]/ = Z[(qx - ‘h,pre)z + (qy - qy,PVE)Z + (q,z - ’724776)2} ©)

Specifically, the Miller Indices corresponding to all observed diffraction points
are calculated using the initial optimal orientation and then judged according to
Formula (7). The points that pass the judgment are used for iterative refinement.
Generally, the number of reflections that match the current lattice increases with
the improvement of the parameters and will be further used in the next round of
optimization after each optimization cycle, thereby further promoting more precise
optimization. This alternating operation between optimization and supplementing
reflections has the advantage that it can gradually identify more reflections that are
not affected by outliers and is therefore particularly suitable for multi-crystal indexing.
The entire optimization process will be repeated until a convergence state is reached
(i.e., no new points can be added), or by default until the tenth cycle is completed.

(h) Remove the matching peaks and use the remaining unidentified diffraction peaks to
search for another orientation. Continue until the number of diffraction peaks is less
than 10.

Since the proposed method is based on a whole-pattern matching principle, sam-
pling the entire three-dimensional spatial domain consumes a significant amount of time.
Moreover, the indexing speed is proportional to the number of observed reflections. To
speed up the calculation process, first, the entire direction space is divided into different
parts, and the direction space sampling tasks are assigned to multiple computer cores for
parallel processing.

3. Results
3.1. The Feasibility of the Algorithm

To rigorously assess the robustness of our novel indexing algorithm, MCDPS-SFX, we
applied it to two structurally and experimentally distinct SFX datasets collected at X-ray
free-electron laser (XFEL) facilities. Dataset I: Achromobacter cycloclastes nitrite reductase
(AcNiR). This copper-containing metalloenzyme catalyzes the reduction of nitrite to nitric
oxide and serves as a model system for studying electron transfer in redox enzymes [33].
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The dataset consists of 50,814 still-shot diffraction images collected at Diamond Light
Source (UK). The crystals belong to the cubic space group P213 (a = b = ¢ = 97.6 A). The
dataset exhibits substantial heterogeneity, including a high proportion of multi-crystallite
snapshots and patterns with low signal-to-noise ratios, which pose significant challenges
for lattice indexing. These characteristics make it a stringent test case for evaluating the
robustness of indexing algorithms under realistic and demanding conditions. Dataset II:
Hen egg-white lysozyme. We used the seminal benchmark dataset from Boutet et al. [34],
consisting of 59,287 diffraction images collected at the LCLS XFEL using 40 fs X-ray pulses
at 9.4 keV. Lysozyme crystals adopt the tetragonal space group P43212 (a = b ~ 78 A,
¢ ~ 38 A). Despite its status as a “model” system, this dataset spans a wide range of
diffraction qualities—from strong, high-resolution patterns to extremely sparse images
with fewer than 10 detectable Bragg peaks—making it an ideal testbed for evaluating
algorithmic sensitivity and robustness.

All images were processed uniformly within the CrystFEL framework. Peak de-
tection was performed using peakfinder8 with identical thresholding parameters across
both datasets. Indexing was carried out in indexamajig under strictly consistent condi-
tions: known reference unit-cell parameters were provided, orientation refinement was
enabled, and spot integration employed a fixed profile radius of 3-5 pixels. We com-
pared MCDPS-SFX against seven widely used algorithms: ASDF, DirAx, XDS, MOSFLM,
TakeTwo, pinkIndexer, and XGANDALF.

As summarized in Table 1, MCDPS-SFX demonstrated superior performance across
both datasets, identifying 95,354 crystals for lysozyme and 21,807 for AcNiR—exceeding
even XGANDALF (87,572 and 21,277, respectively) and pinkIndexer (77,240 and 20,486).
Notably, conventional indexers such as MOSFLM and XDS showed significantly reduced
performance on AcNiR compared to lysozyme, underscoring the challenge of processing
heterogeneous datasets. To further contextualize these results, we compared the index-
ing efficiency of MCDPS-SFX with the original findings reported by Boutet et al. In the
initial publication, indexing rates of 18.4% (for 40 fs pulses) and 26.3% (for 5 fs pulses)
were reported for the lysozyme dataset. By leveraging a reference-based whole-pattern
matching strategy and resolving overlapping multi-lattice hits, MCDPS-SFX significantly
increased the total crystal yield from the same benchmark data, demonstrating its capacity
to maximize scientific output beyond the limits of conventional data-reduction pipelines.

Table 1. Parameters and results for auto-indexing of AcNiR and lysozyme SFX data sets using
indexamajig, calling various indexing subroutines.

Radii of Peak

Indexamajig Inteeration and No. Crystals No. Crystals
Indexer Reference Cell Orientation & Found for Found for
Refinement Background AcNiR Lysozyme
Rings (Pixels)
ASDF Yes Yes 3,4,5 8819 25,294
DirAx Yes Yes 3,4,5 5129 3850
XDS Yes Yes 3,4,5 8264 15,964
MOSFLM Yes Yes 3,4,5 8792 29,785
TakeTwo Yes Yes 3,4,5 8711 9913
pinkIndexer Yes Yes 3,4,5 20,486 77,240
XGANDALF Yes Yes 3,4,5 21,277 87,572
MCDPS-SFX Yes Yes 3,4,5 21,807 95,354

The distribution of indexed diffraction images across reflection count intervals
(Figure 2a) reveals MCDPS-SEX’s exceptional capability in sparse diffraction pattern in-
dexing. While XGANDALF achieved the highest count in the <20 reflections category
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(1269 images), MCDPS-SEX secured the second position (1015 images), substantially outper-
forming other algorithms (e.g., pinkIndexer: 950, MOSFLM: 244, XDS: 0). This demonstrates
MCDPS-SFX’s robustness for weakly diffracting microcrystals. Crucially, MCDPS-SEX
maintained superior performance across all reflection count ranges, culminating in the
highest total indexed images, highlighting its comprehensive efficiency in processing both
sparse and dense diffraction data.

b
110,000
B > 100
B 90-100 100,000 Total indexed lattices
80-90 Images with only single lattice
70.80 90,000 Images with multiple lattices
60-70 80,000 -
50-60 1, 70,000
40-50 c
30-40 | 3 60,000
o
I 20-30 50,000
. <20
40,000
30,000
20,000
10,000 4
0 40,000 60,000 80,000 100,000 « & *Q"o r§< ‘(@ o & <
Indexed Crystals 3 & vof & \5@ Q”/%
& 9

Figure 2. Comparative indexing performance on the lysozyme SFX dataset. (a) Distribution of indexed
crystal hits binned by the number of reflections per image. The horizontal stacked bars represent
different indexing algorithms (DirAx, XDS, TakeTwo, ASDF, MOSFLM, pinkIndexer, XGANDALF,
and MCDPS-SFX). Colors indicate the reflection count intervals used for indexing, ranging from
<20 (purple) to >100 (dark red). MCDPS-SFX demonstrates a superior total yield, particularly in
capturing images with higher reflection counts. (b) Analysis of lattice composition across indexed
images. The light blue bars represent the total indexed lattices. These are further categorized
into Images with only a single lattice (orange bars) and images with multiple lattices (beige bars),
commonly referred to as “multiplets.” MCDPS-SFX significantly outperforms existing methods in
identifying multiple lattices within single diffraction patterns, contributing to its higher overall
indexing rate.

The multi-lattice resolution capability of each algorithm (Figure 2b) further demon-
strates MCDPS-SFX’s enhanced performance. It achieved the highest total number of
indexed lattices (95,354), with 26,597 multi-lattice images (27.9% of the total), marginally
exceeding XGANDALF (27.7%, 24,263 /87,572). This superior performance in resolving
overlapping diffraction patterns from multiple crystals in a single image, combined with
strong single-lattice results (16,884 images), positions MCDPS-SFX as a balanced solution
for both simple and complex diffraction scenarios.

The complementary strengths of MCDPS-SFX—robust sparse data indexing
(Figure 2a) and superior multi-lattice resolution (Figure 2b)—address two critical chal-
lenges in SFX: maximizing data utilization from weakly diffracting crystals and accurately
processing complex diffraction patterns. Supplementary analysis of the AcNiR dataset
(Figure S1) confirms these findings, with MCDPS-SFX maintaining second-best performance
in sparse indexing (1162 images with <20 reflections) and a consistent advantage in multi-
lattice processing.

The quality of diffraction data generated by each algorithm (Figure 3) reveals MCDPS-
SEX’s comprehensive advantage. The signal-to-noise ratio (SNR) as a function of resolution
(Figure 3a) demonstrates MCDPS-SEX’s superior ability to extract reliable diffraction signals
from noise, maintaining the highest SNR values across all resolution shells, particularly
at low resolution (1.58-3.0 A)—significantly higher than those of competing algorithms.
This indicates MCDPS-SFX’s effectiveness in identifying and integrating weak reflections
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while minimizing noise contamination. The reproducibility of intensity measurements
(Figure 3b), quantified by Rgp)it, shows that MCDPS-SFX has minimal values throughout
the resolution range (below 10 at low resolution, remaining below 30 at high resolution),
contrasting sharply with DirAx and TakeTwo, which indicate poor reproducibility. The
correlation between intensities from different images (Figure 3c) further demonstrates
MCDPS-SEX’s sustained high correlation coefficient (CC) values (>0.90 at low resolution,
declining gradually to ~0.4 at 6.14 A), comparable to pinkIndexer and XGANDALF but
significantly surpassing DirAx and TakeTwo.

a b c
60 600
TakeTwo
55 X0S TakeTwo » 0 g——————+——¢ ——p—9o o,
MOSFLM X0S . 3 -
50 . 500 .
ASDF MOSFLM \\
4 N + Dirhx ASDF / s . \
+ pinkIndexer +— DirAx . .
40 . . . ! =t/ > XGANDALF 400 pinklndexer
: T e MeDPS-SFX > XGANDALF J
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=3 =300 .
=¥ . = g
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Figure 3. Evaluation of data quality metrics as a function of resolution for the lysozyme dataset.
(a) Signal-to-noise ratio (SNR), (b) split-half R-factor (Rspiit), and (c) Pearson correlation coefficient
(CC) plotted against resolution (reciprocal space units, nm~1). The metrics compare the performance
of MCDPS-SFX with seven other indexing algorithms. Insets in (a,b) provide a magnified view of
the high-resolution shells (ranging from approximately 5 to 6.2 nm~!), where the differences in data
quality become more pronounced. MCDPS-SEX (dark green line) consistently maintains superior
signal strength (higher SNR), better internal consistency (lower Rypj;t), and higher reproducibility
(CC) across the entire resolution range, particularly in the challenging high-resolution region.

To further contextualize the multi-lattice recovery performance, we compared our
results with the FELIX algorithm [25], another global search indexer based on Rodrigues—
Frank space. As summarized in their benchmark study, FELIX identified 44,465 crystals
from a similar lysozyme dataset, achieving an Rqpyj of 5.9% and structural refinement values
of 0.213/0.248 (Ryyork/ Reree)- In contrast, MCDPS-SEX extracted 95,354 crystals from the
benchmark data, representing more than double the crystal yield. This significant increase
in data recovery was achieved while maintaining high structural fidelity, with Ryyok /Reree
values of 0.188/0.199, demonstrating that MCDPS-SEX offers a more exhaustive and robust
solution for maximizing information recovery from multi-lattice XFEL snapshots.

The combined metrics in Figure 3 highlight MCDPS-SFX’s comprehensive advantage
in generating high-quality diffraction data: superior SNR, minimal Rgpj;, and maximal CC
across the entire resolution range. These results confirm that MCDPS-SEX not only indexes
more crystals but also produces more reliable and consistent data, making it a robust choice
for SFX experiments requiring high data fidelity. Supplementary analysis of the AcNiR
dataset (Figure S2) further validates these findings across two distinct protein systems,
demonstrating MCDPS-SFX’s generalizability and robustness in producing high-quality
SFX datasets.

3.2. The Universality of the Algorithm

Having demonstrated that MCDPS-SEX achieves the highest data quality on standard
test cases (lysozyme and AcNiR), we next tested its performance on two biologically
critical and technically demanding GPCR systems: the rhodopsin—arrestin complex [35]
and the full-length glucagon receptor (GCGR) [36]. These datasets feature extremely
sparse Bragg peaks and strong background scattering—conditions that rigorously challenge
the accuracy and robustness of indexing algorithms. Moreover, both systems contain
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functionally important but structurally flexible regions (e.g., the ECD-TMD linker in GCGR
and the phosphorylated C-tail of rhodopsin), which require high-fidelity intensity data for
reliable modeling.

The rhodopsin—arrestin dataset comprises 20,000 diffraction images collected at the
SACLA XFEL facility using 25 fs X-ray pulses at 10.0 keV. The crystals belong to the
orthorhombic space group P2;3 (a = 109.24 A, b = 109.24 A, ¢ = 452.64 A), with 37% of
images containing fewer than 15 detectable Bragg peaks and 22% exhibiting signal-to-
noise ratios below 2.0—conditions that render conventional indexing approaches highly
unreliable. We applied MCDPS-SEX under identical processing conditions as previously
described, and its performance is comprehensively illustrated in Figure 4.

a b
- 00 20,000
>
Aspe I I 90-100 18,000 - Total indexed lattices
80-90 Images with only single lattice
i g 16,000 i i i
D"‘AX 70-80 Images with multiple lattices
60-70 14,000 4
50-60
Xbs I 40-50 3 12,000 -
" - 30-40 S 10,000
0SFL, L . 2030 | 8
U ]
B <20 O 8000
o ___ .
4000 4
MODPS‘SFX I: - 2000
0

0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000 o &

Indexed Crystals ¥ * N
Figure 4. Benchmarking of indexing performance on the rhodopsin-arrestin dataset. (a) Distribution
of indexed crystal hits categorized by reflection count intervals, ranging from <20 (purple) to >100
(dark red). The performance of MCDPS-SFX is compared with five other indexing algorithms. For
this membrane protein complex dataset, MCDPS-SFX and XGANDALF exhibit comparable and
dominant yields, significantly outperforming traditional methods such as MOSFLM, XDS, and ASDF.
(b) Structural composition of indexed lattices classified by image complexity. The bars represent total
indexed lattices (light blue), images with only a single lattice (orange), and images with multiple
lattices (beige). On the rhodopsin—arrestin dataset, XGANDALF shows a marginal lead in the
total number of recovered lattices, primarily driven by single-lattice hits. Nevertheless, MCDPS-
SFX demonstrates highly competitive performance and robustness, effectively capturing diffraction
data across various reflection densities and maintaining a high success rate for this challenging
structural target.

The distribution of indexed diffraction patterns across reflection count intervals
(Figure 4a) reveals MCDPS-SFX’s robust ability to recover weakly diffracting crystals.
MCDPS-SFX indexed a significantly higher proportion of images with <20 reflections
(critical for capturing sparse diffraction patterns from the phosphorylated C-tail containing
5334, T336, and S338) compared to XDS (0 images) and MOSFLM (61 images). While
XGANDALF achieved a slightly higher total index count (18,089 vs. 17,447), MCDPS-SFX
demonstrated superior consistency in indexing the most challenging low-reflection regimes.
Crucially, MCDPS-SEX maintained balanced performance across all reflection ranges, en-
abling reliable modeling of the flexible C-tail region essential for arrestin recruitment.

The multi-lattice indexing capability (Figure 4b) further highlights MCDPS-SFX’s
strength in complex diffraction scenarios. It resolved 427 multi-lattice images (2.45% of the
total indexed patterns), reflecting its ability to detect overlapping crystal orientations critical
for capturing rhodopsin-arrestin conformational dynamics. This capability is particularly
valuable for resolving interactions between arrestin residues (e.g., R19) and rhodopsin’s
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phosphorylated C-tail (5334, S338, K339), as supported by biochemical evidence of
direct binding.

This data quality advantage manifests as a consistent, though modest, improvement
over XGANDALF in key metrics (Rgpjit and CC), which directly translates to structural
resolution of functionally critical regions. MCDPS-SEX delivers a consistent, albeit sub-
tle, performance edge over XGANDALF across all resolution shells—most critically in
metrics defining structural interpretability (Ryp);x and CC) (Figure 5b,c). While XGAN-
DALF achieves a marginally higher SNR at low resolution (0.84 nm~1: 13.12 vs. 12.94),
MCDPS-SFX maintains lower Ry (7.61% vs. 8.04%) and higher CC (0.9906 vs. 0.9788)
throughout the resolution range. This advantage widens at higher resolutions, where
MCDPS-SFX preserves CC > 0.11 (vs. XGANDALF: CC < 0.10 at 2.89 nm~!) and
Replit < 370% (vs. XGANDALF: Rgpjit > 400%). Crucially, this small but systematic im-
provement directly enables the resolution of functionally critical regions—such as the
phosphorylated C-tail (5334/T336/5338)—that would remain ambiguous in XGANDALF-
processed data due to signal degradation. The significant deviations and erratic fluctuations
observed for the DirAx algorithm in Figure 5 are attributed to its exceptionally low indexing
rate for the rhodopsin—arrestin complex. Due to the extreme sparsity of the diffraction
snapshots, DirAx failed to yield a statistically representative number of reflections per
resolution shell. This lack of data redundancy renders the calculated quality metrics highly
sensitive to background noise and outliers, leading to the observed instability in SNR and
CC values. This result highlights the fragility of legacy indexing methods when confronted
with technically demanding GPCR systems, further underscoring the robustness of the
MCDPS-SFX whole-pattern matching approach.
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Figure 5. Comparative evaluation of data quality metrics for the rhodopsin-arrestin complex dataset.
(a) Signal-to-noise ratio (SNR), (b) split-half R-factor (Rgp;t), and (c) Pearson correlation coefficient
(CC) as functions of resolution (nm~1). The processing results of MCDPS-SFX (dark teal line with
hexagons) are benchmarked against other common indexing programs, including XGANDALF (ma-
genta, right-pointing triangles), MOSFLM (beige, upward triangles), ASDF (light orange, pentagons),
XDS (orange, right-pointing triangles), and DirAx (cyan, diamonds). Insets in (a,b) provide a detailed
view of the data behavior in the high-resolution shells (up to ~2.8 nm~1). For this challenging
membrane protein dataset, MCDPS-SFX and XGANDALF exhibit comparable and superior data
quality across the entire resolution range.

To evaluate the practical impact of indexing precision on structural determination, we
conducted full atomic refinement for the rhodopsin—arrestin complex using data processed
by MCDPS-SEX. Compared with the original benchmark (PDB ID: 4ZW]J), the algorithm
demonstrated a significant advantage in data recovery. In a subset of 20,000 images, it
identified approximately 17,447 crystals (~87% yield), which outperforms the 84.8% peak in-
dexing rate reported by Kang et al. [35]. Facilitated by higher data utilization, the structural
resolution was significantly extended from 3.30 A to 3.01 A(Table 2). While the Clashscore
was 1.81 (compared to 1.57 for the benchmark), the refined model maintains high structural
fidelity and geometric consistency. These validation statistics can be independently verified
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by inputting the respective PDB files into the MolProbity functionality within the Phenix
(version 1.15.2-3472) software suite.

Table 2. Comparison of structural refinement and validation statistics for the rhodopsin—-arrestin
complex and GCGR between the original benchmarks and MCDPS-SFX.

Protein System Rhodopsin-Arrestin Complex GCGR
Validation Statistics 47ZW]J (Original) MCDPS-SFX 5XEZ (Original) MCDPS-SFX
Resolution (A) 3.30 3.01 3.00 3.00
Rwork/Rfree 0.25/0.29 0.25/0.29 0.21/0.24 0.17/0.19
Ramachandran outliers (%) 0.00 0.00 0.00 0.00
Ramachandran favored (%) 96.29 98.64 94.53 94.37
Rotamer outliers (%) 0.44 0.21 10.61 10.61
C-beta deviations 0 0 8 8
Clashscore 1.57 1.81 2.78 2.61

Following our successful application of MCDPS-SEX to the rhodopsin—arrestin com-
plex (an A-class GPCR model system), we extended this validation to the structurally
distinct B-class glucagon receptor (GCGR). GCGR represents a critical therapeutic target
in metabolic disorders, with its large extracellular domain (ECD) and dynamic ECD-
transmembrane domain (TMD) interface presenting significant challenges for structural bi-
ology. Unlike rhodopsin, which serves as a canonical A-class GPCR model, GCGR'’s unique
architecture and physiological role in glucose homeostasis—particularly its involvement in
diabetes and obesity pathophysiology—demand rigorous validation of data-processing
algorithms across diverse GPCR families.

To contextualize MCDPS-SFX’s performance in GCGR processing, we present key met-
rics from the data-processing pipeline (Table 3). All algorithms processed identical datasets
(91,653 images), but indexing efficiency varied: XGANDALF indexed 69,399 images
(75.7%) and identified 74,478 crystals, outperforming MCDPS-SFX (63,984 images, 69.8%;
69,014 crystals) and MOSFLM (39,868 images, 43.5%; 39,936 crystals). Data consistency
metrics revealed a nuanced distinction: while XGANDALF achieved a marginally lower
Rspiit (13.28% vs. 13.67%), both MCDPS-SFX and XGANDALF maintained identical high
CC values (0.99) across the full resolution range (30.13-3.00 A), in contrast to MOSFLM’s
degraded performance (Rgpj;t = 16.97%, CC = 0.98).

Table 3. Indexing and merging statistics for the GCGR SFX data set comparing MCDPS-SFX, XGAN-

DALF and MOSFLM.

MCDPS-SFX XGANDALF MOSFLM

No. images analyzed 91,653 91,653 91,653

No. images indexed 63,984 69,399 39,868

No. crystals found 69,014 74,478 39,936
Resolution range 30.13-3.00 30.13-3.00 30.13-3.00

Rsplit (%) 13.67 13.28 16.97

CcC 0.99 0.99 0.98

Critically, this data quality translated directly to structural resolution. The MCDPS-
SFX-processed dataset yielded a refined electron density map with Ry = 0.1701 and
Rree = 0.1891 (Figure 6), resolving GCGR’s ECD-TMD interface and ligand-binding
pocket—regions essential for understanding glucagon signaling and designing diabetes
therapeutics. Notably, MCDPS-SFX achieved this structural fidelity despite slightly lower
indexing efficiency than XGANDALF, demonstrating that data consistency (Rgp)it, CC) and
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structural quality (Ryork/Reree) are more critical than raw indexing rates for resolving func-
tionally relevant regions. This performance aligns with MCDPS-SFX’s consistent success in
rhodopsin-arrestin analysis, confirming its robustness across structurally distinct GPCR
families (A-class vs. B-class) without overstating absolute superiority.

Figure 6. Representative electron density map of the glucagon receptor (GCGR) complex. The
protein backbone is shown as a ribbon model, with the receptor and its associated components
colored in green and cyan, respectively. The gray mesh represents the final 2F,-F electron density
map, contoured at 2.0¢ (or your specific value). The map shows a clear and continuous density for
the seven-transmembrane (7TM) helices, demonstrating a high degree of correlation between the
experimental data and the atomic model. This high-quality density highlights the structural integrity
of the GCGR complex as resolved by the [MCDPS-SFX/XFEL] data-processing pipeline.

MCDPS-SFX also demonstrated excellent generalizability in processing data for the
full-length glucagon receptor (GCGR), a more challenging Class B GPCR system. For
the GCGR dataset (PDB ID: 5XEZ), MCDPS-SEX achieved an indexing rate of 69.8%
(63,984 images), significantly exceeding the 63.0% (57,573 images) reported by
Zhang et al. [36] in their seminal study. This improved data utilization translated directly
into higher structural fidelity; the refined Ryyork/Reree Values were 0.17/0.19, represent-
ing a measurable improvement over the 0.21/0.24 reported in the original study. These
comparative results confirm that MCDPS-SFX is a powerful tool for enhancing both the
quality and quantity of data extracted from challenging XFEL experiments. Consistent
with the rhodopsin—arrestin analysis, the structural validation metrics for GCGR can be
independently audited using the MolProbity tool in Phenix.

Finally, we benchmarked the computational cost of MCDPS-SEX on an Intel i9-10980XE
workstation (Intel Corp., Santa Clara, CA, USA) (Table 4). While MCDPS-SFX is slower than
XGANDALF due to its exhaustive search strategy, it remains faster than other global search
methods like pinkIndexer on specific datasets (e.g., AcNiR), while delivering equivalent
or superior indexing yields. This balance between processing speed and data output
underscores the robustness of our framework for challenging experimental conditions.
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Table 4. Performance comparison of indexing algorithms (1000 diffraction images per dataset).

Dataset Algorithm Total Time Indexed Crystals
MCDPS-SFX 40m18s 567
AcNiR XGANDALF 23m12s 567
pinkIndexer 145m 07 s 561
MOSFLM 15m34s 208
MCDPS-SFX 312mO04s 790
Lysozyme XGANDALF 80m 56 s 492
pinkIndexer 304 m35s 481
MOSFLM 40m3ls 331

4. Conclusions

The transition from static snapshots to four-dimensional “molecular movies” requires
an analytical pipeline capable of extracting every bit of information from fragile crystalline
samples. MCDPS-SFX addresses the most vulnerable stage of this pipeline—indexing—by
replacing legacy geometric assumptions with a resilient, reference-based matching strategy.
Our comparative assessment confirms that MCDPS-SFX is not merely an incremental
improvement but a robust solution to the twin challenges of data sparsity and multi-
lattice complexity.

The successful determination of the GCGR ECD-TMD interface and the high-fidelity
modeling of the rhodopsin C-tail underscore that data consistency and structural inter-
pretability are more vital than raw indexing speed. By achieving superior signal extraction
and minimal reproducibility error across diverse protein systems, MCDPS-SFX reduces the
requisite sample volume and beam time—resources that remain the primary constraints
of XFEL-based discovery. As megahertz-repetition rate facilities continue to push the
boundaries of temporal resolution, bespoke frameworks like MCDPS-SEX will be essential
to translate the terabyte-scale data deluge into profound insights into the fundamental
processes of chemistry and biology.
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