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Serial crystallography (SX) is an emerging technique that can be used to determine the noncryogenic crystal
structure of macromolecules while minimizing radiation damage. Applying SX using pump-probe or mix-and-
inject techniques enables the observation of time-resolved molecular reactions and dynamics in macromole-
cules. After the successful demonstration of the SX experimental technique with structure determination in serial
femtosecond crystallography using an X-ray free electron laser, this method was adapted to the synchrotron,
leading to the development of serial synchrotron crystallography (SSX). SSX offers new opportunities for re-
searchers to leverage SX techniques, contributing to the advancement of structural biology and offering a deeper
understanding of the structure and function of macromolecules. This review covers the background and ad-

vantages of SSX and its experimental approach. It also discusses important considerations when conducting SSX

experiments.

Conventional macromolecular crystallography (MX) using synchro-
tron X-rays with a single crystal is well established. It provides three-
dimensional structural information, elucidating biological phenomena
and enzymatic mechanisms at atomic resolution (Cachau et al., 2019;
Bose et al., 2021; Bai et al., 2023). This fundamental scientific knowl-
edge supports the development of new drugs (Batool et al., 2019;
Thomas et al., 2023) and offers insights into protein engineering aimed
at enhancing enzymes used in food, chemical production, and bioenergy
industries (Tomadoni et al., 2020; Ao et al., 2023; Kim et al., 2023a;
Watson et al., 2023). Although MX remains valuable for determining
high-resolution structures, it is limited based on radiation damage and
the need for cryogenic temperatures (Garman and Owen, 2005; Shelley
and Garman, 2022; Garman and Weik, 2023). MX involves the collection
of diffraction data while exposing single crystals to X-rays (Fig. 1A).
However, exposed crystals undergo radiation-induced chemical re-
actions or physical damage, including K-shell photoionization and Auger
decay (Garman and Owen, 2005; Shelley and Garman, 2022; Garman
and Weik, 2023), thereby resulting in reduced diffraction or the po-
tential for acquiring incomplete datasets. Specifically, when macromo-
lecular crystals absorb X-rays, free radicals are generated within the
crystals, leading to global or specific radiation damage (Murray and
Garman, 2002). In global radiation damage, there is an overall increase
in crystal nonisomorphism, resulting in reduced diffraction quality and
an elevated Wilson B coefficient (Murray and Garman, 2002; Nam,
2023b). Specific radiation damage affects the electron density map,
causing phenomena such as disulfide bond damage, decarboxylation of
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aspartic acid and glutamic acid side chains, and impacting the quality of
high Z atoms, including metal centers or selenomethionine (Corbett
et al., 2007; Nam, 2023a).

Cryocrystallography techniques have been developed to significantly
reduce radiation damage (Watenpaugh, 1991; Garman and Weik, 2023)
(Fig. 1B). Although this technique increases the success rate of collecting
complete three-dimensional diffraction data, X-ray diffraction images
still contain information on radiation damage resulting from extended
X-ray exposure and the cryogenic temperature (Owen et al., 2006).
Additionally, the cryogenic environment can reduce the flexibility of the
macromolecule compared with room temperature (Weinert et al., 2017;
Durdagi et al., 2021; Kim et al., 2023b), which may be biologically less
relevant. Therefore, the crystal structures determined using MX may
have accuracy issues stemming from radiation damage or temperature
considerations (Fig. 1C). To overcome these challenges, the technique of
small wedge synchrotron crystallography (SWSX) was developed, which
is between SX and MX. This method involves the collection of multiple
small-wedge (5-20° per crystal) dataset from tens or hundreds of crys-
tals in different orientation. Subsequently, these individual data sets are
merged to construct a complete dataset to determine the crystal struc-
ture (Baba et al., 2021).

The inherent problem of the traditional MX can be overcome with
the application of serial crystallography (SX) using X-ray free electron
laser (XFEL) or synchrotron X-rays. XFELs produce unprecedentedly
bright, short pulse X-rays, avoiding radiation damage by following the
“diffraction before destruction” principle (Chapman et al.,, 2011). In
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serial femtosecond crystallography (SFX), XFEL exposes the crystal only
once during data collection, eliminating cryogenic conditions to prevent
radiation damage and enabling structure determination at noncryogenic
temperatures. The ultra-short pulse characteristics of XFEL (tens of
femtoseconds) are invaluable for tracking fast reaction processes
through time-resolved studies (Barends et al., 2022). Particularly, the
photoactivation process of photoactive proteins can be tracked through
pump-probe experiments using optical lasers (Pearson and Mehrabi,
2020; Poddar et al., 2021). In a pump-probe experiment, a photoactive
protein or light-dependent caged molecules are exposed to targeted
optical laser excitation with a specific wavelength. Subsequently, pulses
of X-rays are directed at the reaction sample at desired time delay points,
capturing various intermediate states. Additionally, for proteins inter-
acting with substrates or other molecules, time-resolved studies using
liquid applications (e.g., mixing and injection) aid the deeper under-
standing of macromolecular reaction mechanisms (Worrall and Hough,
2022). In a liquid mixing experiment, protein crystals are combined with
a ligand (or inhibitor) in a mixing device. Subsequently, X-rays are
directed at the mixing sample at desired time delay points, capturing
various reaction states such as intermediate states or pre- and
post-reaction states. Series datasets collected from different time-delay
points in pump-probe experiments and liquid mixing experiments pro-
vide valuable insights into the dynamic behavior of molecules and the
progression of the molecular reaction.

Although SFX offers scientific advantages over previous structural
biology techniques, XFEL facilities are limited in number and inacces-
sible to many researchers. Only five XFELs are available worldwide
(Fig. 2), resulting in limited beamtime for general SX studies. To address
the beamtime limitation, it is widely established to use serial synchro-
tron crystallography (SSX) utilizing synchrotron X-rays (Gati et al.,
2014; Weinert et al., 2017; Zhu et al., 2020) (Fig. 2). Globally, there are
over 70 synchrotron facilities, each capable of serving multiple beam-
lines simultaneously. Synchrotrons can simultaneously deliver X-rays to
different beamlines concurrently. Serial synchrotron crystallography
(SSX) experiments have become possible in synchrotrons because of the
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development of technologies that can focus X-rays to several microme-
ters and detectors capable of rapid image acquisition. Technological
advancements in synchrotron sources and the development of optical
focusing mirror systems, such as K-B mirrors, have made the exposure of
samples to high photon density beams technically feasible (Stellato
etal., 2014). Recent improvements in commercial detector performance
have also enabled data collection at several hundred Hz, facilitating SX
experiments using synchrotron X-rays. In terms of beamtime accessi-
bility, SSX is more readily available than SFX. XFEL beam time is crucial
for time-resolved studies that observe fast molecular reactions in the
seconds to femtosecond (10’14 s) timescale, while synchrotron-based,
time-resolved Laue MX enables the observation of molecular reactions
in the seconds to picosecond (10719 5) timescale (Orville, 2020) How-
ever, synchrotron-based SX experiments are more practical for
time-resolved studies involving slower molecular reactions (millisec-
onds to seconds 107° -10! s) or general noncryogenic structure de-
terminations (Orville, 2020). The detailed timescale for the
time-resolved study has been reviewed in previous studies (Orville,
2020).

The progress of SSX experiments closely parallels that of SFX, and the
structural results obtained from both techniques are highly similar
(Mehrabi et al., 2021). However, SSX uses X-rays with lower brightness
than XFEL, leading to longer X-ray exposure times than in SFX. The
exposure time depends on the photon flux, the focused beam size
(photon density), and the quality of the crystal. In a beamline with a
high photon flux and a small beam, adequate diffraction data can be
collected by exposing the crystal sample to X-rays for several picosec-
onds to milliseconds (Stellato et al., 2014; Meents et al., 2017; Weinert
etal., 2017). If the photon flux or the photon density reaching the crystal
is low, the exposure time required to achieve the necessary diffraction
limit increases. The data collection time and diffraction intensity depend
on the photon flux and density delivered to the crystal.

To increase photon flux, pink-beam SSX using a multilayer mono-
chromator can be considered an alternative (Meents et al., 2017; Kim
and Nam, 2022, 2023). Pink-beam presents a photon flux 10-10 times
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Fig. 1. Limitations of conventional macromolecular crystallography. (A) Radiation damage during room temperature data collection: When X-rays are exposed to a

single crystal at room temperature, the diffraction intensity is reduced due to X-ray

radiation damage and heating effects. This causes the collection of incomplete

data sets or poor diffraction quality. (B) Cryocrystallography experiment: Crystals were immersed in a cryoprotectant solution and exposed to X-rays in a cryogenic
environment (e.g., 100 K under a liquid nitrogen stream). (C) Experimental limitations of macromolecular crystallography methods.
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Fig. 2. Serial crystallography using an X-ray Free Electron Laser (XFEL) and synchrotron X-ray. (A) XFELs provide unprecedented intense X-ray pulses at the
femtosecond level. Currently, there are five hard X-ray XFEL facilities worldwide capable of conducting serial femtosecond crystallography (SFX) experiments. One
feature of XFELs is that X-rays can be delivered to only one beamline at a time. Although X-rays can be distributed to multiple beamlines using optical instruments,
this reduces the photon flux. Consequently, the availability of XFEL beamtime for conducting SFX research is highly limited. (B) Synchrotrons are available in many
countries, providing an advantage in terms of accessibility and beamtime allocation compared with XFEL facilities. (C) The experimental setup for the SFX and SSX is
nearly identical. Crystals are continuously delivered to the X-ray interaction point in a noncryogenic environment. Time-resolved SX experiments using methods such

as pump-probe or mix-and-inject allow the observation of reaction mechanisms.
determine the three-dimensional structure.

higher than that of a monochromatic beam and is advantageous in
determining structures using a relatively small number of crystal sam-
ples. However, SSX using a pink-beam may require an additional
experimental setup to lower the background scattering because the
scattering increases in low-resolution range (Meents et al., 2017; Kim
and Nam, 2022, 2023).

To conduct efficient SSX, it is crucial to deliver X-rays with a high
photon density to the sample position. This not only enhances the in-
tensity of crystal diffraction but also reduces the X-ray exposure time,
enabling the collection of more data during the beam time. Additionally,
an experimental environment (e.g., a vacuum or a helium environment)
that minimizes air-scattering because of X-rays is advantageous for
improving data quality by decreasing background scattering. Different
synchrotron beamlines and sample environments exhibit unique fea-
tures, indicating that the optimal specifications for SSX data collection
vary for each beamline. Therefore, achieving efficient SSX data collec-
tion will necessitate the development of specialized devices and data
collection strategies tailored to each beamline.

SX experiments involve exposing crystal samples to X-rays only once
and require continuous delivery of multiple crystals to obtain complete
three-dimensional structural data (Fig. 3). During SX data collection,
numerous crystals are delivered to the X-ray interaction point in random
orientations. The primary sample delivery techniques used in SX are
injector-based and fixed-target (FT) scanning techniques (Zhao et al.,
2019; Pearson and Mehrabi, 2020; Park and Nam, 2023) (Fig. 3). In the
injector-based sample delivery technique, high viscous excluder (HVE)
injectors or syringes with viscous media are widely used because they
provide stable crystal sample delivery to X-ray interaction region, even
at low flow rates, reducing sample consumption compared with liquid

(D) Using high-speed detectors, numerous diffraction data were collected to

jet injectors (Weierstall et al., 2014; Nam, 2019; Park and Nam, 2019;
Zhao et al., 2019; Pearson and Mehrabi, 2020). However, it is essential
that the crystal samples remain stable in the viscous medium and do not
react with it, as such reactions could damage the crystals and reduce the
diffraction intensity. It is also important to ensure that the injection
stream is stable to prevent extended or erratic exposure to X-rays, which
could cause radiation damage at room temperature. Therefore, pre-
liminary research is required to assess crystal stability in viscous mate-
rials and establish a stable injection process when using viscous media
(Nam, 2019). Liquid jet injectors require high flow rates to maintain a
stable injection stream, which is widely used in SFX using XFEL with
high repetition rates. However, in SSX or SFX with low XFEL repetition
rates, it is not preferred in terms of sample consumption because the
number of samples not exposed to X-rays is overwhelmingly greater than
those that are exposed to X-rays (Griinbein and Nass Kovacs, 2019; Zhao
et al., 2019; Park and Nam, 2023). Conversely, the FT scanning method
minimizes the physical effects on crystals during data collection and
allows for precise crystal delivery to the desired positions by programing
a translator. This method involves scanning in both vertical and hori-
zontal directions and translation with oscillation using a goniometer or
rotator (Wierman et al., 2019; Aumonier et al., 2020; Park et al., 2020).
Oscillation during SSX data collection can theoretically provide more
reflection information, thereby reducing data indexing ambiguity
(Wierman et al., 2019; Aumonier et al., 2020; Park et al., 2020). To
prevent radiation damage when scanning a fixed sample, the scanning
interval should be configured to ensure that the crystal sample is
exposed only once, after considering the beam size.

Time-resolved studies can also be conducted using both injector and
FT scanning methods. This involves collecting diffraction data with a
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Fig. 3. Overview of the experimental setup and sample delivery methods for serial synchrotron crystallography. (A) Photo of SSX experimental setup for
injection-based sample delivery. The original figures were obtained from a previous study (Kim and Nam, 2022) and have been modified. This method uses a
high-viscosity extruder (HVE) injector or a syringe to extrude an injection stream containing crystals embedded in a viscous medium. (B) Photo of SSX experimental
setup for the fixed-target (FT) scanning experiment: Sample holders containing crystal samples are scanned in vertical and horizontal directions during data

collection. The original figures were obtained from a previous study (Park et al.,

2020) and have been modified. (C) Schematic drawing of the injection-based sample

delivery devices. This method involves the use of a high-viscosity extruder (HVE) injector or a syringe to extrude an injection stream containing crystals embedded in
a viscous medium. Typically, the HVE injector and syringe samples are extruded using an HPLC pump or mechanical pressure, respectively. The sample extruded
from the HVE injector can be focused using the gas such as helium. Various factors, including crystal concentration, beam size, injection stream stability, and hit rate
during data collection, determine the injection flow rate. (Inset: photo of an injection stream generated via a syringe) (D) Drawing of the fixed-target (FT) scanning
device. This method uses sample holders with regular holes for crystals to settle into without relying on gravity. In general, these sample holders are enclosed in a film
to prevent dehydration of the crystal solution. Sample holders containing crystals can be scanned vertically and horizontally, or translation with oscillation can be
applied during data collection. (E) Tape-drive-based hybrid method: The crystal suspension was injected from the injector and placed on polyimide tape. The tape
winds up, delivering the crystal to the X-ray interaction region. The sample delivery methods described above have been successfully applied to SSX and
time-resolved SSX experiments with optical lasers. (F) Photo of lysozyme crystals in 60% (v/v) monoolein for the injection-based sample delivery method. (G) Photo
of lysozyme crystals in nylon mesh-based sample holder for the FT scanning method.

time delay after exciting a photoactive crystal sample or a light-active
caged compound that can interact with the crystal sample using an
optical laser (Orville, 2020; Pearson and Mehrabi, 2020; Schulz et al.,
2022). Additionally, ligand mixing-based time-resolved SSX can be
performed using mix-and-diffuse or drop-on-tape approaches with a
tape-drive system (Pearson and Mehrabi, 2020; Schulz et al., 2022; Park
and Nam, 2024). A sample delivery device suitable for the beamline and
an optical laser system capable of triggering the crystal sample must be
developed and installed to conduct these time-resolved studies. In SX
experiments, preparing many crystals for structure determination is a
significant challenge (Beale et al.,, 2019; Nam, 2019; Mehrabi and
Schulz, 2023). Therefore, it is preferable to select a sample delivery
device that minimizes crystal consumption and provides a stable envi-
ronment. Moreover, for mixing-based time-resolved SX, it is important

to use thin crystals to account for the rapid diffusion time (Schmidt,
2013). Additionally, to reduce X-ray background scattering from the
sample delivery device, it is advisable to expose the delivery material or
sample holder to X-rays as thinly as possible.

This results in the collection of crystal diffraction patterns and pat-
terns with no interaction between X-rays and the crystal (Fig. 4). To
enhance data processing efficiency and storage capacity, images with no
or weak-intensity Bragg peaks from collected images should be filtered
using hit-finding programs, such as Cheetah or Psocake (Yoon, 2020;
Barty et al., 2014). Images with diffraction patterns were further
indexed using different crystallographic indexing algorithms, such as
MOSFL, XDS, Dirax, and XGANDALF (White, 2019). The precise opti-
mization of detector geometry parameters, including crystal-to-detector
distance and detector origin, is crucial for efficient data processing



K.H. Nam Current Research in Structural Biology 7 (2024) 100131

Data Processing
A & —
ollected data contains:
+ Single crystal diffraction
Data » Multicrystal diffraction
collection - + Weak diffraction
+ Diffraction-free
+ Unwanted diffraction
Collected images
B Hit? » Hit finding program: Cheetah, Psocake ...
it + Filtering parameter: signal/noise (SNR), number of peak ...
Yes[ ] No
finding =III| =|||| =||||
Hit images No diffraction = weak diffraction = Unwanted signal
C na d? » Indexing program: CrystFEL, cctbx.xfel, Xia2 ...
RACXECi « Indexing algorithm: Mosflm, XGANDALF, Dirax, XDS ...
v No
Indexing P | PRy e
— n:s?ss:uzsl B=90012022"| y:yna;euzl
- - - - - Wrong Different
Indexed images Optimization of detector geometry indexing crystal form
D y
Data quality checking
+ Completeness
Integrati = [ ONR
ntegration MontelCaro + Multiplicity
Integration * Rsplit
Partially Fully integrated + CC
integration intensities -+ CC1/2
* Model building: COOT ...
E - Refinement: PHENIX, CCP4 ...
Structure
determination wwPDB -
Validation Validation :
T System .
Deposition PROTEIN DATA BANK
Structure determination Structure deposition

Fig. 4. General data processing procedure of the serial crystallography experiment. (A). Collected images from SSX experiment include crystal diffraction
images and images without crystal diffraction or having weak diffraction intensity. (B). Hit-finding. Based on the hit-finding parameters (signal-to-noise ratio,
number of peaks, etc), images with weak or no diffraction intensity and unwanted diffraction patterns were filtered through the hit-finding program such as Cheetah,
or Psocake. Although this step is not absolutely essential, it can significantly reduce processing time for subsequent steps, such as indexing, and help maintain data
storage efficiency by removing unnecessary data. (C) Indexing. Bragg peaks were indexed, and crystal information was obtained from the crystal diffraction pattern.
No indexing or diffraction data with different crystal forms were excluded. (D) Integration. Fully integrated intensities were obtained using Monte-Calro integration
with partially integrated intensities. The hkl file containing reflection information is utilized to determine the crystal structure. (E) Structure determination, vali-
dation, and deposition of structure factors and coordinates.
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(Yefanov et al., 2015). MX processes images as a single dataset from one
large crystal, SX collects data sequentially from multiple crystals, pro-
cesses multiple datasets, and merges each data to obtain structural in-
formation. Specifically, the diffraction information from each image is
then integrated, and Monte-Carlo integration is used to generate fully
integrated intensities from partially integrated intensities (White, 2019).
The resulting structure factor file determines the structure in the sub-
sequent analysis. Collecting images with better diffraction intensity and
maximizing the number of images is important because crystallographic
statistics are directly proportional to the number of images. Commonly
used programs and methods in MX, such as model building (e.g., COOT),
structure refinement (e.g., PHENIX, CCP4), and structure visualization
(e.g., PyMOL, Chimera), are equally applied for SSX structure
determination.

SSX continually evolves and promises to revolutionize and introduce
new paradigms in structural biology. This experimental technique and
SFX offer structural insights different from other structural biology
methods, as it can reduce radiation damage and conduct experiments at
noncryogenic temperatures.
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