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Abstract

BL10U2 is an undulator-based macromolecular crystallography (MX) beamline located at the 3.5-GeV Shanghai Synchrotron
Radiation Facility. BL10U2 is specifically designed for conducting routine and biosafety level-2 (BSL-2) MX experiments
utilizing high-flux tunable X-rays with energies from 7 to 18 keV, providing a beam spot size of 20 um (horizontal) X 10 pm
(vertical) at the sample point. Certification by the Shanghai Pudong Municipal Health Commission confirmed the capabil-
ity to perform BSL-2 MX experiments. The beamline is currently equipped with an Eiger X 16 M detector and two newly
developed in-house high-precision diffractometers that can be switched to perform conventional or in situ crystal diffraction
experiments. An automatic sample changer developed in-house allows fast sample exchange in less than 30 s, supporting
high-throughput MX experimentation and rapid crystal screening. Data collection from both the diffractometer and detector
was controlled by an in-house developed data collection software (Finback) with a user-friendly interface for convenient
operation. This study presents a comprehensive overview of the facilities, experimental methods, and performance charac-
teristics of the BL10U2 beamline.
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1 Introduction

Resolving high-resolution three-dimensional structures of
pathogens is crucial for an in-depth understanding of their
mechanisms of replication, infection, and immune response,
which holds great significance in the development of drugs,
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China, SSRF is the only third-generation advanced synchro-
tron light source currently in operation [12, 13]. Given the
lack of an MX beamline with biosafety in China using which
researchers can to study the three-dimensional structure of
pathogens, the expert user community proposed constructing
an MX beamline with BSL-2 at the SSRF.

As part of the SSRF Phase-II project launched in Decem-
ber 2016, the BL10U2 was established as China's first MX
beamline with a biosafety protection function, facilitating
the acquisition of structural data on pathogens by structural
biologists [14]. BL10U2 was specifically designed for crys-
tallographic analysis of macromolecular and small-molecule
crystals with various sizes and unit cells, facilitated by the
high flux (2 10'2 photons/s @12.7 keV, 300 mA), small
beam divergence (1.5 mrad X 0.2 mrad), and reasonably
small beam size (20.0 um X 10.0 pm) [15, 16]. The mono-
chromator in the BL10U2 was designed to deliver X-rays
in the energy range of 7-18 keV, enabling multiple/single-
wavelength anomalous dispersion (MAD/SAD) experi-
ments. The performance of the BL10U2 was reviewed and
verified by international review committees. The pilot run of
BL10U2 commenced in June 2021 and was officially opened
to the first users in January 2022. The end station is currently
equipped with a large active area detector (Eiger X 16 M)
[17] along with two high-precision diffractometers devel-
oped in-house, which can be switched to perform conven-
tional cryo-crystal diffraction experiments or in situ crystal
diffraction experiments. Additionally, an in-house-developed
sample mounting robot enables fully automated rapid sample
exchange in less than 30 s. Data collection from the diffrac-
tometer and detector is controlled by an in-house-developed
data collection software (Finback) with a user-friendly inter-
face and convenient operation. This beamline has been certi-
fied by the Shanghai Pudong Municipal Health Commission

to perform routine and BSL-2 MX experiments (Table 1).
This paper presents a comprehensive review of the BL10U2
beamline, including its facilities, experimental methods, and
performance.

2 Beamline

The beamline was specifically designed as a BSL-2 biosafety
laboratory equipped with radiation-shielding capabilities to
facilitate MX studies on the structure and function of patho-
gens. To achieve the design objectives, three main aspects
must be addressed as follows. 1) Development, installation,
collimation, and adjustment of the beamline components.
The performance parameters of the components must be
accurately designed and tested during installation. 2)
Installation of the experimental hutches. The experimental
hutch should satisfy both radiation protection and BSL-2
biosafety standards, allowing personnel access and instru-
ment installation. A biosafety management system should
be established to meet the standards specified by regula-
tory agencies, and 3) construction and commissioning of the
experimental station. It should enable various experiments,
including traditional cryo-crystallography, in situ crystal-
lography, automated sample mounting, and data analysis.
Additionally, a series of experimental methods, such as MX
studies under BSL-2 conditions, small-crystal MX studies,
serial crystallography methods, anomalous diffraction meth-
ods (MAD/SAD), isomorphous replacement, and molecular
replacement, should be provided.

To fulfill the requirements of virus particle crystal dif-
fraction experiments and general small-crystal diffraction
experiments in terms of energy range, energy resolution,
beam size, divergence angle, and photon flux, an in-vacuum

Table 1 Specifications of the

. Equipment
BL10U2 beamline

Specifications

Light source
Monochromator

X-ray energy range (keV)
Wavelength range A)

Energy resolution (AE/E, @12.7 keV)
Flux at sample (@12.7 keV, 300 mA) (phs/s)
Focused beam size (FWHM) (pmz)

Typical beam divergence (mrad)
Sample screening speed

BSL-2 biosafety protection

Highest diffraction resolution (A)

Goniometer
Cryo capability (K)
Sample mounting

Detector model

Undulator, 25 mm X 80 periods, 6-12 mm gap
Cryo-cooled double flat crystal Silll

7-18

0.82-2.48

2x10™

2x10"

20x10 (Hx V)

1.5x0.2

> 15 samples per hour

Yes

<0.8

Double-axis

100

Swordfish automated sample changer/ Manual
Eiger X 16 M
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undulator (IVU22) was selected as the light source and
housed in a vacuum chamber. The optical design of the
beamline incorporated a two-stage horizontal focusing sys-
tem and a single-stage vertical focusing system. Following
the grazing of the sawtooth walls, the beam was deflected
outward using a planar mirror, creating an additional trans-
verse space between the two canted beamlines (USAXS
beamline BL10U1 and P2 beamline BL10U2). White beam
slits limit the beam and a double-crystal monochromator
(DCM) performs energy selection. An ellipsoidal cylinder
mirror pre-focuses the beam horizontally at 26.5 m, creat-
ing a secondary horizontal source point of approximately
118 pm at 33.85 m. High-precision slits are utilized to limit
and adjust the beam at the secondary source point, followed
by vertical focusing of the source point using an ellipsoidal
cylinder mirror at 39.6 m and horizontal re-focusing using
another ellipsoidal cylinder mirror at 43.1 m. These optical
configurations enable the formation of a focused beam with
dimensions of approximately 20 pm X 10 pm at the sample
point, located at 44.8 m. The vertical focusing mirror has a
surface shape error requirement of higher than 0.3 prad to
achieve single-stage focusing with a long working distance.
Different beam sizes were obtained at the sample point for
various experimental samples by adjusting the aperture of
the secondary source slit. The use of single-stage vertical
focusing allows sufficient working distance to establish
BSL-2 protection within radiation-shielding huts.

To meet the requirements of the MX experiments con-
ducted under the BSL-2 protective conditions, the experi-
mental station was designed and constructed in accordance
with the relevant national standards. In addition to the
conventional experimental setup, supplementary protec-
tive facilities and negative pressure conditions were imple-
mented, accompanied by clearly defined sample disposal
procedures. Within the experimental station, a combina-
tion of traditional cryo-crystallography and in situ crystal-
lography experiments were conducted using two diffrac-
tion instruments that could be switched between the two
modes. Diffraction data were collected using large-area,
high-speed, two-dimensional detectors (Eiger X 16 M).

Fig. 1 (Color online) Schematic Undulator

layout of the BL10U2 beamline
& slit1

WBPM

Distance (m) 19.6 19.9 21.5

245 26.5

Sample mounting was performed using an automated sam-
ple changer developed in-house to enhance experimental
efficiency and environmental stability. Data acquisition was
managed using our independently developed Finback user
interface. A dual-function diffractometer was developed to
accommodate both conventional cryo-crystallography and
in situ crystallography experiments employing crystalliza-
tion plates.

2.1 Light source

BL10U2 comprises four major components: light source,
front end, optical hutch, and end station. The light source
utilized in BL10U2 is an in-house developed small-gap
IVU22 with 80 periods and a period length of 2.5 cm,
which shares one straight section with the USAXS beamline
BL10U1 by canting the undulators with a horizontal angle of
6 mrad. The in-vacuum undulator was constructed in-house
by SSRF with a gap range of 6-12 mm in operation, cover-
ing a high-brilliant source in 7-18 keV. With a total power
of 2.6 kW, the light source emitted approximately 4.85x 10'*
photons/s at 12.7 keV. The dimensions of the source size are
386 um x 26 um (FWHM, H X V), and the flux in the central
cone (81 prad x 22 urad@12.7 keV) amounts to 1.54 x 10'*
photons/s (0.1% BW).

2.2 Beamline optics

The beamline exhibits an optimal optical setup to accom-
modate the finely collimated undulator beam, as shown
in Fig. 1. The beam generated by the undulator is defined
through a beam-limiting aperture located in the front-end
area, resulting in an outgoing beam with a divergence
angle of 0.3 mrad x0.15 mrad (HX V). The beam is then
confined by water-cooled slits (Slit 1, 19.62 m from the
source point) to generate a beam with a divergence angle
of 0.10mrad x0.05 mrad (H X V). The first horizontally
deflecting mirror (M1, InSync, 21.42-m from the source
point) is set to deflect the beam by 7 mrad (with an incidence
angle of 3.5 mrad) toward the outside of the ring, thereby

QBPM gjitp
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increasing the distance between the two downstream beam
lines to facilitate equipment installation. Constructed from
silicon and coated with rhodium (Rh), M1 has an optically
active surface measuring 700 mm (length) X 20 mm (width).
The mirror surface was polished to maintain a root-mean-
square (RMS) roughness of < 3° with a sagittal slope error
of <0.7 prad. The polychromatic beam delivered from M1
was monochromatized using the DCM.

A DCM (co-developed with the Changchun Institute of
Optics, Fine Mechanics and Physics, Chinese Academy of
Sciences) with two Silll crystals was positioned 24.5-m
from the source point. The DCM was cooled using liquid
nitrogen to satisfy the energy coverage, energy resolution,
and thermal load requirements. The vertical deflection mode
was selected for the fixed-exit geometry of the DCM. Oper-
ating within a working energy range of 7-18 keV and achiev-
ing an energy resolution of AE/E (@12.7 keV)<2x 107,
the DCM satisfactorily meets the demands for fluorescence
scanning in MAD experiments, while maintaining the posi-
tion and direction of the outgoing beam during energy
scanning.

A fixed oval cylindrical horizontal pre-focusing mirror
(M2, WinlightX) was employed to focus the beam horizon-
tally, resulting a secondary light source point with a hori-
zontal size of approximately 118 um at 33.85-m from the
source point. The M2 surface was coated with Rh and had
an incident angle of 3.5 mrad. The radial surface shape error
of M2 remains lower than 0.5 mrad to ensure the desired size
of the horizontal focus spot.

High-precision secondary light source slits (Slit 2),
33.85-m from the source point, defined the size of the sec-
ondary light source in the horizontal direction. The open-
ing of the secondary light source slits can be adjusted to
obtain the desired beam spot at the sample point for different
experimental samples.

The secondary light source slits are followed by a hori-
zontally deflecting Kirkpatrick—Baez (KB) mirror at 43.1 m
and a vertically deflecting KB mirror at 39.6 m. Slits 3 and
4 were utilized to limit the irradiation range of light beam
on the surfaces of KB mirrors. The KB mirrors were manu-
factured using silicon and coated with Ru, enabling X-ray
energies of up to 18 keV. Both the vertical and horizon-
tal focusing mirrors maintained a swept incidence angle of
3.5 mrad. The vertical focusing mirror (M3, JTEC) has a
length of 0.43 m to accommodate the vertical incident X-ray
divergence angle of 50 prad when the entire beam is cap-
tured. The horizontal focusing mirror (M4, WinlightX) was
800 mm long, and the secondary light point was received at
an angle of 0.29 mrad. After the KB mirror, a focused spot
of 20 pm X 10 pm can be achieved at the sample point with
a divergence angle of approximately 1.5 mrad X 0.15 mrad.

The beam position monitoring system for monitoring
and diagnosing the beam included a white beam fluorescent

@ Springer

screen, three monochromatic beam fluorescent screens, a
Wirescan beam probe monitor (WBPM), and a quadrant
beam position monitor (QBPM, FMB Oxford). A fluo-
rescence screen can be inserted into the beam to observe
white and monochromatic beams. An image on the fluores-
cent screen was recorded using an external video camera
and displayed online. The WBPM developed in-house was
used to scan and analyze the beam profile [18], whereas the
QBPM monitors the stability of the beam at the second-
ary light source point. The beam spatial stability in 3000 s
was investigated using QBPM between M2 and M3, with a
theoretical calculation value of (846, H, FHWM) pm X (120,
V, FHWM) pm for the beam spot size at that location. The
results demonstrated the long-term stability of the beam,
both horizontally and vertically. The standard deviation of
the beam's horizontal fluctuations was 2.9 pm, whereas the
vertical fluctuations had a standard deviation of 6.8 pm. The
vertical direction exhibited more pronounced fluctuations
than that in the horizontal direction, which were attributed to
the fluctuations caused by the DCM (Fig. 2). There are two
beryllium (Be) windows located after the DCM and a verti-
cally deflecting KB mirror to separate and protect the com-
ponents in an ultra-high vacuum environment. The beam-
line is tunable within the range of 0.82-2.48 A, although it
typically operates in the 0.82—-1.8 A range. The flux of the
focused beam at 1 A is approximately 2 x 10'? photons/s.

3 Experimental station

The experimental station was located at the terminus of the
BSL-2 macromolecular crystallography beamline, with a
temperature stability of 25+ 1 °C and low relative humidity
of less than 30% [19]. After passing through a vertical focus-
ing mirror, the monochromatic beam traverses a Be win-
dow and attenuator comprising aluminum foils of varying
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Fig.2 (Color online) Time-domain analysis of beam position on
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thicknesses. This configuration enables the production of an
attenuated X-ray beams according to user specifications. To
optimize the beam intensity and position during the motor
scans, an ionization chamber (Tianjin Jingshenfang Tech-
nology Co., Ltd.) was utilized. The environment around the
sample included a goniometer, on-axis camera, cryocooler,
beamstop, fluorescence detector, and horizontal diffractom-
eter. An overview of the end station, environment around
the sample, and one tab of the graphical user interface is
shown in Fig. 3.

The experimental station incorporated a combination
of conventional low-temperature cryo-crystallography and
in situ crystallography experiments, facilitated by a seam-
less transition between two sets of diffractometers. Two new
high-precision diffractometers developed in-house (horizon-
tal for conventional cryo-crystal diffraction experiments
and vertical for in situ crystal diffraction experiments) were
installed on a stand separate from the detector support table
to ensure minimal disruption of the sample-beam alignment
when moving the detector. The diffractometer comprises

Fig.3 (Color online) The
BL10U2 end station and the
Finback GUI. a The BL10U2
end station. b The environ-
ment around the sample. ¢ The
Finback GUI

ra—

mainly an air-bearing goniometer with a sphere of confusion
(SOC) <1 um, high-precision sample centering system, on-
axis microscope, backlight, ultrafast shutter, movable beam-
stop, and changeable collimators. Additionally, an active
beamstop was positioned after the sample blocked the beam.
A compound refractive lens (CRL) located after Slit 2 can be
inserted to defocus the beam, allowing adaptation to crystals
of varying sizes. The maximum defocused beam size was
approximately 70 pm x40 pm (FWHM) at 12.7 keV. The
beam size depended on the X-ray energy when the CRL
was inserted. Therefore, beam-shaping apertures of vary-
ing sizes (20 um, 50 pm, 100 pm, 200 pum, or 300 um) can
be selected to define the irradiation area, accommodating
crystals of different sizes. The sample was visually centered
using an on-axis camera at four fixed magnifications. The
captured digital image was displayed in a browser window
and integrated into the Finback control software.

The sample environment temperature was controlled
using an Oxford Cryostream800, and a temperature of 100 K
was typically used for the MX experiments. However, the

_Vertical
diffractomete
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temperature of the sample environment was adjustable
within the range of 80-350 K, enabling MX experiments
under variable temperature conditions.

The diffraction data were collected using an EIGER X
16 M detector, providing flexibility in sample-to-detec-
tor distances ranging from 115 to 900 mm (resolution
0.95-4.1 A at 12.662 keV). The detector allows for fast and
shutterless operation with frame rates of up to 133 Hz, ena-
bling the collection of a complete set of oscillation data in
less than 9 s. Automatic changes in the detector position
were implemented when different resolutions were selected.

Advancements in fast X-ray detectors and beamline auto-
mation have highlighted the importance of efficient sample
handling in MX experiments. To address this, there is a need
for an automated sample changer that offers key features,
such as high speed, ample storage capacity, reliability, and
user-friendly operation. However, before the establishment
of BL10U2, commercially available ACTOR sample chang-
ers used at the MX beamlines in SSRF faced limitations
in terms of functionality, performance, and maintenance,
significantly impeding the efficiency of crystal diffraction
data collection. Therefore, we developed an independent
automated sample changer specifically designed for MX
experiments to overcome these challenges. Samples can be
mounted either manually or using an in-house-developed
sample changer called swordfish, which requires approxi-
mately 20 s to remove a crystal sample from the goniometer
and replace it with a new one in the storage Dewar capa-
ble of storing 320 samples (20 pucks) at a time. A barcode
reader was used to scan the crystal information, which was
useful for recording information during high-throughput
crystal screening. A standard pin with a length of 18 mm is
recommended. Routine calibration and maintenance ensure
reliability, and an increasing number of crystals have been
easily screened since the installation of swordfish.

4 Experiments methods

A variety of experimental methods can be utilized to inves-
tigate the structure of biological macromolecules, includ-
ing multiple- and single-wavelength anomalous diffraction
(MAD/SAD), molecular replacement, shutterless data col-
lection, in situ diffraction, and crystal diffraction experi-
ments involving infectious pathogens (BSL-2 level) [20-23].
Notably, two operating modes are offered in this beamline:
normal mode and BSL-2 mode. In the normal mode, the
sample is held in a loop and cryoprotected. In contrast,
in situ data collection is compulsory in the BSL-2 mode,
which captures diffraction patterns directly from crystals
securely sealed within their crystallization plates at room
temperature to minimize biohazard risks.

@ Springer

5 BSL-2 Operation
5.1 Architecture design

The experimental station comprised distinct areas: experi-
mental room (Room 1), preparation room (Room 2), buffer
room (Rooms 3 and 4), and control room (Room 5), each
maintaining a specific pressure differential. Through a
thoughtful layout design and implementation of safety
measures, the experimental station simultaneously met
both the BSL-2 biosafety requirements and radiation
protection standards (Fig. 4a). Room 1 served as the
experimental space in the experimental station, enabling
users to follow the designated procedures for radiation

(a)

A-2 biosafety cabinet

IComputer table

|

B 2=

Room5
‘ 0Pa

Room4
7. -15Pa

\,

B Contaminated room

Normally closed door

: Transfer
H,0, disinfection system

window
Buffer room

——Personnel flow Materials flow

Clean room

2.Pathogeny agents
Submit proposal

3.Risk assessment
G 4.Emergency plan
Reviewed by expert group

5.Personnel qualification

Approved

I 1

1.Preparing transportation permit 1.Checking sample list

2.Training users 2.Checking biosafety protection

3.Preparing sample 3.Switching mode

4.Submitting sample list

5.Making an appointment
L

(b) <|:1.Experimental plan

In-situ data collection

1.Transfering sample into beamline
2.Wearing personal protective equipment
3.Checking the crystals

4.Mounting the sample on the diffractometer
5.Collecting the diffraction images

Ending experiment

1.Inactivating sample
2.Disposing waste
3.Cleaning equipment and the environment

Fig.4 (Color online) Upper: Layout of the end station of BL10U2.
Lower: Experimental flowchart procedures of proposal submission,
review, experimental preparation, in situ data collection and experi-
ment ending performed in BL10U2
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experiments. Users search for the hutch and close the end-
station door before opening the photon shutter to allow
X-rays to irradiate the sample. Notably, manual handling
of mounted samples is unnecessary, as all equipment can
be controlled using dedicated software. In Room 2, the
users had access to a Class II Type A2 biological safety
cabinet, which provided a secure environment for examin-
ing the crystallization plate. Room 3 primarily served as
the area for sample transfer. Room 4 was designed to wear
personal protective equipment (PPE), including labora-
tory gowns, N95 respirators, headcaps, gloves, protective
eyewear, and shoe covers, before entering rooms 1, 2, and
3 during the BSL-2 mode. It is worth noting that PPE is
not required in the normal mode. Room 5 was dedicated to
data collection activities and utilized specialized software
(Fig. 4a). A negative pressure gradient was set from room
five to one, depending on the functionality of each room.
For instance, Room 5 maintains a constant pressure, as it
is necessary for control operations conducted by research-
ers over an extended period. Room 5 was designated as a
clean environment. The pressures in Rooms 3 and 4 were
set at —25 Pa and — 15 Pa, respectively, to facilitate sam-
ple transfer and post-experiment disinfection in Room 3,
as well as the wearing of PPE in Room 4. Rooms 1 and
2 maintained the lowest pressure at —45 Pa, enabling
researchers to perform operations such as sample open-
ing, movement, mounting, irradiation, and dismounting.

The experimental station was equipped with two
entrances and exit doors. One of the entrances was exclu-
sively designated for equipment transfer and remained
closed throughout the experiment. The other entrance
implements access control measures to regulate operator
entry. A transfer window was used to introduce the sample
into the laboratory, as indicated by the yellow section in
Fig. 4a. Currently, biohazardous samples are disinfected
and disposed after data collection and transported through
a transfer window (Fig. 4a).

5.2 Sample list

In compliance with the "List of Human Pathogenic Micro-
organisms" issued by the Ministry of Health of China [24],
and based on a questionnaire survey conducted among rel-
evant research groups in China, it has been established that
39 specific virus species are approved for experimental
activities involving inactivated materials at this beamline.
Consequently, all operations performed at this beamline
exclusively involved inactivated viral crystals. To facili-
tate structure determination, it is imperative to prepare the
virus samples in crystal form, which requires their prepa-
ration in a qualified wet lab on the users' side.

5.3 Proposal management

The submission of user proposals must be completed online
and undergo thorough evaluation by an external expert
committee comprising members from different research
disciplines. These proposals should provide comprehensive
information regarding the experimental plan, pathogenic
agents utilized, associated risks, emergency procedures, and
qualifications of the personnel involved. Committee experts
have scientific expertise in structural biology, crystallogra-
phy, virology, and biosafety. The evaluation process consid-
ered the overall research risk assessment and examination
on a case-by-case basis. In exceptional cases involving novel
pathogenic agents, the final decision rests with the biosafety
committee, considering the relevant regulations and circum-
stances. Upon approval of the proposals, users were required
to obtain transportation permission from the appropriate
authority. All individuals engaged in the experiment undergo
comprehensive online and on-site training and receive cer-
tification from the beamline staff. Users are responsible for
scheduling their experiments in advance, allowing enough
time for the beamline staff to ensure the implementation
of the biosafety measures and protocols. If users opt to use
the BSL-2 mode, they must comply with relevant laws and
regulations and complete experimental preparations, in situ
data collection, and experiment termination under the guid-
ance of the SSRF biosafety management system documents
(Fig. 4b).

5.4 Data collection in BSL-2 mode

In the BSL-2 mode, virus crystals are enclosed within min-
ute cells of a crystallization plate, and X-rays are used to
irradiate the samples, generating a diffraction pattern on the
detector. Currently, several commercially available 96-well
crystallization plates can be used for in situ experiments on
this beamline, such as the In Situ-1 Crystallization Plate
(MiTeGen), CrystalQuick X plate (Greiner Bio-One), and
CrystalDirect plate (MiTeGen). A recently developed micro-
plate by our group is another option [25]. For the in situ dif-
fraction data collection with 96-well crystallization plates,
the effective oscillation range will be — 5° to 5°. For the
microplates, the range was approximately 300°. The com-
plete dataset was obtained using the BLEND program in the
CCP4 suite of programs [26, 27]. The samples were visually
examined using an on-axis microscope. However, achieving
precise crystal alignment is challenging due to the presence
of the surrounding liquid and sealing membrane. To over-
come the limitations associated with optical observations,
the grid scan technique can be employed as an alternative
approach that utilizes low-dose X-ray radiation. This method
allows scanning across multiple regions of the sample to
improve data quality. After completion of the experiment,
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the samples and associated materials were sterilized via
high-pressure autoclaving. Subsequently, proper disposal
should be conducted by authorized agencies. Additionally,
the equipment and experimental areas were sterilized by
exposure to ultraviolet lamps for one hour and hydrogen per-
oxide vapor room decontamination with a total cycle time
of 4-5 h, as required to ensure thorough decontamination.

6 Control and data acquisition system

In BL10U2, control and data acquisition were performed
by the Experimental Physics and Industrial Control System
(EPICS) [28, 29] and Finback software, an in-house devel-
oped integrated control and data acquisition system with an
intuitive graphical user interface (GUI) accessible through
a web browser.

EPICS input—output controllers (IOCs) manage the motor
control and signal readout in the VME crates. Linux-based
IOCs are also employed for other module devices such as the
Galil motor controller and axis network devices. The beam-
line components controlled by EPICS were implemented by
the control group of the phase-II beamlines.

In modern MX experiments, user-friendly software and
interfaces play a crucial role in improving experimental
efficiency. The client GUI of Finback, which leverages cut-
ting-edge web technologies such as WebSocket, WebGL,
WebWorker, and WebAssembly, is compatible with mod-
ern browsers. Finback supports multiple concurrent sessions
and enables both on-site and remote access. It integrates
control over the essential equipment, including the goniom-
eter, beam aperture, shutter, detector, camera, and sample
changer. Additionally, the Finback software facilitates auto-
mated sample loading through robotic arm control, reducing
the researcher’s workload. This simplifies the workflow by
enabling crystal autocentering using coaxial cameras. By
leveraging Finback, a wide range of techniques commonly
used in MX experiments have become accessible, such as
single-shot, multi-shot, and full dataset collection, X-ray
grid scanning, helical data collection, anomalous scatter-
ing scans, and inverted data collection methods utilized in
anomalous scattering signal crystallography.

An automated data processing pipeline integrating
the commonly used protein crystallographic software,
Aquarium, was developed for online cell refinement and
data reduction [30]. Dataset collection triggers automated
indexing, full integration, and scaling within pipelines.
The data processing module Porpoise integrates the CCP4
[31], XDS [32], DIALS [33], and SHELX packages [34],
which are designed to automatically process datasets from
data reduction to model building when the protein sequence
is provided (or to the main-chain building, if the protein
sequence information is not available). The pipeline operates
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on servers located at the Big Data Science Center (BDSC) of
the SSRF. The BDSC is a part of the SSRF Phase-II project
and offers storage and computer resources for all beamlines
[35]. All data generated during the experiment, includ-
ing diffraction images, sample information, and reduction
results, were stored in the BDSC for long-term archival. The
current policy is that the experimental data can be stored for
three years on a hard disk. As the volume of data increases,
old data are transferred to tape drives.

7 First commissioning results

Excellent results were obtained during the commissioning
of BL10U2. We present the first commissioning results of
this beamline, including the energy range, energy resolution,
photon flux, beam size, beam divergence at the sample point,
BSL-2 biosafety protection, sample screening speed, and
highest diffraction resolution.

7.1 Energy range

The energy range of the beamline was determined by meas-
uring the K absorption edges of Mn and Zr. The measure-
ments were performed under specific test conditions: a beam
current of 200 mA, an acquisition step of 1 eV, and an acqui-
sition time of 1 s per point. Observations of the Mn absorp-
tion edge (6.55 keV and Zr absorption edge (18.00 keV dem-
onstrated that the photon energy of BL10U2 can be adjusted
within the range of 6.5-18.05 keV (Fig. 5).

7.2 Energy resolution

To assess the energy resolution, the width of the rocking
curve of the second crystal, Silll, of the DCM was uti-
lized. The measurements were performed under specific
test conditions: a beam current of 200 mA, an energy of
12.7 keV, room temperature, an acquisition step of 0.0002°,
and an acquisition time of 1 s per point. The photon flux was
recorded using an ionization chamber placed behind the exit
Be window during the scanning of the pitch of the second
crystal, Sil 11, of the DCM. The FWHM value was obtained
and averaged to be 0.001604°. The energy resolution of
BL10U2 is obtained as (1.78 +0.02) x 107*, calculating by
the energy resolution formula AE/E =A@ X cotd (Fig. 6).

7.3 Photon flux at the sample point

The photon flux at the sample point was measured using
an ionization chamber placed behind the Be window exit.
The test conditions included a beam current of 200 mA, an
energy of 12.7 keV, room temperature, and an ionization
chamber length of 10 mm. The obtained photon flux at the
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sample point was (2.52+0.01) x 10 '? photons/s for a beam
current of 300 mA. To monitor the stability of the photon
flux, its variation was recorded for one minute (a typical time
for collecting a set of data), and the results indicated that
the photon flux fluctuated by approximately 1% (Fig. 7). A
fast Fourier transform (FFT) analysis of the time-dependent

curve of the ionization current was performed to analyze
the causes of the fluctuations. As shown in Fig. 8, the fluc-
tuations with low-frequency vibrations originate from the
surrounding environment, which is the major source of slow
fluctuations. Power and mechanical vibrations contribute to
these fast fluctuations. This suggests that more effort should
be made to reduce fast fluctuations in future.

7.4 Beam size at the sample point

A metal wire was positioned at the sample point, and an
ionization chamber was used to record the beam inten-
sity. The beam size was obtained by recording the beam
intensity while scanning a metal wire in the vertical and
horizontal directions. The measurements were performed
under test conditions of a beam current of 200 mA and an
energy of 12.7 keV. The calculated beam size (FWHM)
closely matches the target design value, yielding (16.8 +0.1,
H) um X (9.4 +0.6, V) um (Fig. 9).

7.5 Beam divergence at the sample point

To obtain the horizontal and vertical beam divergence at the
sample point, fitting was performed using the beam size at
the sample point (H,, V;)) and the beam size at 0.51 m (L)
downstream of the sample point along the optical path (H,
V). The test conditions for this analysis included a beam
current of 200 mA and energy of 12.7 keV. The following
equation was used for data fitting:

H, —H V=V,
thl 0 p = 0

L Y L

By deconvolution, the beam divergence at the sample
point was calculated as (0.187 +0.006) mrad X (0.411+0.
003) mrad.

7.6 Sample screening speed

For sample screening, a puck containing 16 lysozyme crys-
tals was placed in the Dewar sample. An in-house-developed
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sample changer (Swordfish) was used for sample screening.
Finback software was used to control the sample loading,
sample alignment, and sample diffraction data acquisition at
one angle to test the number of screening samples that could
be completed in one hour. The test conditions included a
sample changer, diffractometer, Eiger X 16 M detector, and
Finback software. According to the expert's on-site actual
test, BL10U2 can screen 33.76 samples in one hour, based
on the experimental procedure of sample change, sample
alignment, and diffraction image acquisition.

7.7 Highest diffraction resolution

The crystal plane diffraction of the LaB, specimen (511)
was measured at an energy of 18 keV and a detector-sample
distance of 130 mm using Finback and Albula software. The
experts’ on-site measurements confirmed the clear visibility
of the 24th diffraction ring in the LaB6 diffraction pattern.
The highest resolution achieved was 0.673 A, surpassing the
target of 0.800 A (Fig. 10).

7.8 Commissioning summary

Following a discussion and review of the commissioning
outline of BL10U2, the expert group concluded that the
test content was comprehensive, the applied methods were
accurate, and the test equipment was reliable. The results
of the on-site test demonstrated that the measured val-
ues for all specifications of the BL10U2 met or exceeded
the design specifications. An expert group collected the
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Fig. 10 X-ray diffraction image of LaB6 taken on the diffractometer

crystal diffraction data of lysozyme at BL10U2 and per-
formed data processing, subsequent structure analysis,
and model correction. The quality of the diffraction data
and model met international standards, indicating that
BL10U?2 fulfilled the necessary conditions for user access
(Table 2).
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Table 2 Statistics for data processing and model refinement of

lysozyme

Index Specifications
Synchrotron SSRF

Beam line BL10U2
Wavelength (A) 0.97918

Space group P4.2.2

a, b, c(A) 78.61, 78.61, 37.29
a, B,y (©) 90.00, 90.79, 90.00
Total reflections 686,218

Unique reflections 28,655
Resolution (A) 1.31 (1.34-1.31)
R-merge (%) 7.4(169.4)

Mean I/ o (I) 22.712.3
Completeness (%) 99.8(99.9)
Redundancy _ 23.9(21.5)
Resolution (A) 21.8-1.31

Ryori/ Rizee( %) 19.11/20.11
Atoms 1145

Mean temperature factor (1&2) 23.11

Bond lengths (A) 0.006

Bond angles (°) 0.958

Preferred 99.21

Allowed 0.79

outliers 0

8 Operation status and user achievements

The beamline commenced trial operation in June 2021,
accumulating 6986 operating hours, including user-supplied
time accounting for 3830 h (including both trial and regular
operations). By June 2023, 131 experimental projects from
218 research groups were completed.

Since its trial operation, the beamline has enabled the
publication of 50 research papers by users, including two
in Cell, seven in sub-journals of Nature, Science, and Cell,
and 23 in Q1 journals. A notable publication appeared in
Cell on January 5, 2022, titled "Receptor binding and com-
plex structures of human ACE2 to spike receptor-binding
domain (RBD) from Omicron and Delta SARS-CoV-2".
This study elucidated the structure of the complex formed
by the receptor-binding domains (RBDs) of the Omicron
and Delta variants of SARS-CoV-2 and human ACE2,
shedding light on their molecular interaction mechanisms.
These findings provide critical molecular insights into
Omicron and Delta variants and serve as a fundamental
basis for vaccine development and drug screening [36].
Furthermore, a research paper titled "Structural basis of
human ACE2 higher binding affinity to currently circulat-
ing Omicron SARS-CoV-2 subvariants BA.2 and BA.1.1"
was published in Cell on June 15, 2022. This study identi-
fied the binding affinity sequence between human angio-
tensin-converting enzyme 2 (hACE2) and four early omi-
cron subvariants (BA.1, BA.1.1, BA.2, and BA.3) in the
RBD and revealed the structural basis underlying their

distinct hACE2 binding modes [37]. Most recently, on
September 11, 2023, a research paper entitled "Molecular
mechanisms of SARS-CoV-2 resistance to nirmatrelvir"
was published in Nature (Accelerated Article Preview).
This study sheds light on the mechanisms by which SARS-
CoV-2 evolves resistance to current protease inhibitors and
lays the foundation for designing next-generation Mpro
inhibitors [38]. These studies significantly contributed to
the development of broad-spectrum therapeutic antibod-
ies and vaccines against COVID-19 based on experiments
conducted at BL10U2. In addition, the beamline supports
11 industrial users and provides 353 h of user-supplied
time, thereby offering advanced research techniques for
relevant industries.

9 Summary and conclusion

The BL10U2 beamline was designed specifically for con-
ventional and BSL-2 MX studies. In this study, a technical
description of the main components is provided, and the
first commissioning results are presented. The pilot run of
BL10U2 commenced in June 2021 and was officially opened
to the first users in January 2022. The BL10U2 operates
in two modes: normal (without biosafety protection) and
biosafety. Conventional MX experiments can be conducted
in the normal mode, whereas the biosafety protection mode
enables BSL-2 pathogen crystallography experiments. A
beam with a small size and high brightness, as well as an
in-house-developed robotic sample changer, high-precision
diffractometers, data acquisition software, and an automated
data processing pipeline running with high reliability, effec-
tively reduces the cost of macromolecular structure analysis
and increases the efficiency of research. A diverse range of
scientific investigations has been carried out at BL10U2,
including conventional macromolecular crystallography,
MAD/SAD macromolecular crystallography, and small
molecular crystallography. Recent scientific findings have
also been reported in the literature. The BL10U2 beamline
will enable Chinese researchers to study the structure of liv-
ing viruses and contribute to the prevention and control of
infectious diseases.

Acknowledgements We thank the staff of Department of Beam Engi-
neering Technology in SSRF for engineering design and installation
and the financial supporting of SSRF Phase-II project.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
performed by Qin Xu, Hua-Ting Kong, Ke Liu, Huan Zhou, Kun-
Hao Zhang, Wei-Wei Wang, Min-Jun Li, and Qiang-Yan Pan. The first
draft of the manuscript was written by Hua-Ting Kong, and all authors
commented on previous versions of the manuscript. All authors read
and approved the final manuscript.

@ Springer



202 Page120f13

Q Xuetal.

Data availability The data that support the findings of this study are
openly available in Science Data Bank at https://www.doi.org/10.
57760/sciencedb.13554 and https://cstr.cn/31253.11.sciencedb.13554.

References

11.

12.

13.

14.

15.

16.

17.

M.I. Anasir, C.L. Poh, Structural vaccinology for viral vaccine
design. Front. Microbiol. 10, 738 (2019). https://doi.org/10.3389/
fmicb.2019.00738

V.S. Reddy, J.E. Johnson, Structure-derived insights into virus
assembly. Adv. Virus Res. 64, 45-68 (2005). https://doi.org/10.
1016/S0065-3527(05)64003-1

C.J. Wei, M.C. Crank, J. Shiver et al., Next-generation influenza
vaccines: opportunities and challenges. Nat. Rev. Drug Discov.
19, 239-252 (2020). https://doi.org/10.1038/541573-019-0056-x
M. Jaskolski, Z. Dauter, A. Wlodawer, A brief history of mac-
romolecular crystallography, illustrated by a family tree and its
Nobel fruits. FEBS J. 281, 3985-4009 (2014). https://doi.org/10.
1111/febs.12796

Q.S. Wang, K.H. Zhang, Y. Cui et al., Upgrade of macromolecular
crystallography beamline BL17U1 at SSRF. Nucl. Sci. Tech. 29,
68 (2018). https://doi.org/10.1007/s41365-018-0398-9

Q.S. Wang, F. Yu, Y. Cui et al., Mini-beam modes on standard MX
beamline BL17U at SSRF. Rev. Sci. Instrum. 88, 073301 (2017).
https://doi.org/10.1063/1.4991682

A. Burkhardt, T. Pakendorf, B. Reime et al., Status of the crys-
tallography beamlines at PETRA III. Eur. Phys. J. Plus. 131, 56
(2016). https://doi.org/10.1140/epjp/i2016-16056-0

U. Mueller, R. Forster, M. Hellmig et al., The macromolecular
crystallography beamlines at BESSY II of the Helmholtz-Zentrum
Berlin: Current status and perspectives. Eur. Phys. J. Plus 130, 141
(2015). https://doi.org/10.1140/epjp/i2015-15141-2

C. Mueller-Dieckmann, M.W. Bowler, P. Carpentier et al., The
status of the macromolecular crystallography beamlines at the
European Synchrotron Radiation Facility. Eur. Phys. J. Plus. 130,
70 (2015). https://doi.org/10.1140/epjp/i2015-15070-0

. M. Mazzorana, E.J. Shotton, D.R. Hall, A comprehensive

approach to X-ray crystallography for drug discovery at a syn-
chrotron facility - The example of Diamond Light Source. Drug
Discov. Today Technol. 37, 83-92 (2020). https://doi.org/10.
1016/j.ddtec.2020.10.003

T. Graber, S. Anderson, H. Brewer et al., BioCARS: a synchrotron
resource for time-resolved X-ray science. J. Synchrotron Radiat.
18, 658-670 (2011). https://doi.org/10.1107/S0909049511009423
W.Z. Zhang, J.C. Tang, S.S. Wang et al., The protein complex
crystallography beamline (BL19U1) at the Shanghai Synchrotron
Radiation Facility. Nucl. Sci. Tech. 30, 170 (2019). https://doi.org/
10.1007/541365-019-0683-2

H.S. Yu, X.J. Wei, J. Li et al., The XAFS beamline of SSRF.
Nucl. Sci. Tech. 26, 050102 (2015). https://doi.org/10.13538/].
1001-8042/nst.26.050102

H.T. Kong, M.J. Li, Q. Xu et al., Implementation of level-2
biosafety for a macromolecular crystallography beamline at SSRF.
Am. J. Nucl. Med. Mol. Imaging. 11(6), 529-536 (2021)

Q.G. Zhou, M.F. Qian, H.F. Wang et al., The Magnetic Perfor-
mance of an Exotic APPLE-Knot Undulator Developed at SSRF.
IEEE T. Appl. Supercon. 26(4), 4101704 (2016). https://doi.org/
10.1109/Tasc.2016.2536623

G.M. Liu, Z.M. Dai, H.H. Li et al., Lattice design for SSRF stor-
age ring. High. Energ. Phys. Nuc. 30, 144-146 (2006). https://doi.
org/10.3321/j.issn:0254-3052.2006.21.047

R. Dinapoli, A. Bergamaschi, B. Henrich et al., EIGER:
Next generation single photon counting detector for X-ray

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

applications. Nucl. Instrum. Meth A. 650, 79-83 (2011). https://
doi.org/10.1016/j.nima.2010.12.005

P.R. Gong, Y.H. He, J.Y. Zhou, The Size and Position of the
X-Ray Beam Line Measured by Wire Scanning Detector at
SSRF. Nucl. Electron. Detect. Technol. 36, 5 (2016). https://
doi.org/10.3969/].issn.0258-0934.2015.03.015

J.Q. Xu, X.B. Xia, Y.X.Z. Sheng et al., Dose rate distribution
of photoneutrons in an ID beamline of SSRF: simulations and
measurements. Nucl. Sci. Tech. 25(5), 050101 (2014). https://
doi.org/10.13538/j.1001-8042/nst.25.050101

1. Rathore, V. Mishra, P. Bhaumik, Advancements in macromo-
lecular crystallography: from past to present. Emerg. Top. Life.
Sci 5, 127-149 (2021). https://doi.org/10.1042/ETLS20200316
R.L. Owen, J. Juanhuix, M. Fuchs, Current advances in synchro-
tron radiation instrumentation for MX experiments. Arch. Bio-
chem. Biophys. 602, 21-31 (2016). https://doi.org/10.1016/j.
abb.2016.03.021

W.A. Hendrickson, Determination of macromolecular structures
from anomalous diffraction of synchrotron radiation. Science
254, 51-58 (1991). https://doi.org/10.1126/science.1925561
A.E. Cohen, A new era of synchrotron-enabled macromolecular
crystallography. Nat. Methods 18, 433—-434 (2021). https://doi.
org/10.1038/s41592-021-01146-y

Y. Zhai, G. Hong, M. Jiang et al., Access and benefit-sharing of
the pathogenic microorganisms such as SARS-CoV-2. Biosaf.
Health 4, 414-420 (2022). https://doi.org/10.1016/j.bsheal.
2022.05.003

M. Liang, Z.J. Wang, H. Wu et al., Microplates for Crystal
Growth and in situ Data Collection at a Synchrotron Beamline.
Crystals 10, 798 (2020). https://doi.org/10.3390/cryst10090798
J. Foadi, P. Aller, Y. Alguel et al., Clustering procedures for the
optimal selection of data sets from multiple crystals in mac-
romolecular crystallography. Acta Crystallogr. Sect. D-Struct.
Biol. 69, 1617-1632 (2013). https://doi.org/10.1107/S0907
444913012274

S. Bailey, The Ccp4 Suite - Programs for Protein Crystallogra-
phy. Acta Crystallogr. Sect. D-Struct. Biol. 50, 760-763 (1994).
https://doi.org/10.1107/s0907444994003112

S. Stepanov, O. Makarov, M. Hilgart et al., JBlulce-EPICS con-
trol system for macromolecular crystallography. Acta Crystallogr.
Sect. D-Struct. Biol. 67, 176-188 (2011). https://doi.org/10.1107/
S0907444910053916

T.M. Mooney, N.D. Arnold, E. Boucher et al., EPICS and its role
in data acquisition and beamline control. Aip Conf. Proc 521,
322-327 (2000). https://doi.org/10.1063/1.1291808

F. Yu, Q.S. Wang, M.J. Li et al., Aquarium: an automatic data-
processing and experiment information management system for
biological macromolecular crystallography beamlines. J. Appl.
Crystallogr. 52, 472-477 (2019). https://doi.org/10.1107/S1600
576719001183

N. Collaborative Computational Project, The CCP4 suite: pro-
grams for protein crystallography. Acta Crystallogr. Sect. D-Biol.
Crystallogr. 50, 760-763 (1994). https://doi.org/10.1107/S0907
444994003112

W. Kabsch, XDS. Acta Crystallogr. Sect. D-Biol. Crystallogr. 66,
125-132 (2010). https://doi.org/10.1107/S0907444909047337
G. Winter, D.G. Waterman, J.M. Parkhurst et al., DIALS: imple-
mentation and evaluation of a new integration package. Acta Crys-
tallogr. Sect. D-Struct. Biol. 74, 85-97 (2018). https://doi.org/10.
1107/52059798317017235

1. Uson, G.M. Sheldrick, An introduction to experimental phasing
of macromolecules illustrated by SHELX; new autotracing fea-
tures. Acta Crystallogr. Sect. D-Struct. Biol. 74, 106-116 (2018).
https://doi.org/10.1107/S2059798317015121

C.P. Wang, F. Yu, Y.Y. Liu et al., Deploying the Big Data Science
Center at the Shanghai Synchrotron Radiation Facility: the first


https://www.doi.org/10.57760/sciencedb.13554
https://www.doi.org/10.57760/sciencedb.13554
https://cstr.cn/31253.11.sciencedb.13554
https://doi.org/10.3389/fmicb.2019.00738
https://doi.org/10.3389/fmicb.2019.00738
https://doi.org/10.1016/S0065-3527(05)64003-1
https://doi.org/10.1016/S0065-3527(05)64003-1
https://doi.org/10.1038/s41573-019-0056-x
https://doi.org/10.1111/febs.12796
https://doi.org/10.1111/febs.12796
https://doi.org/10.1007/s41365-018-0398-9
https://doi.org/10.1063/1.4991682
https://doi.org/10.1140/epjp/i2016-16056-0
https://doi.org/10.1140/epjp/i2015-15141-2
https://doi.org/10.1140/epjp/i2015-15070-0
https://doi.org/10.1016/j.ddtec.2020.10.003
https://doi.org/10.1016/j.ddtec.2020.10.003
https://doi.org/10.1107/S0909049511009423
https://doi.org/10.1007/s41365-019-0683-2
https://doi.org/10.1007/s41365-019-0683-2
https://doi.org/10.13538/j.1001-8042/nst.26.050102
https://doi.org/10.13538/j.1001-8042/nst.26.050102
https://doi.org/10.1109/Tasc.2016.2536623
https://doi.org/10.1109/Tasc.2016.2536623
https://doi.org/10.3321/j.issn:0254-3052.2006.z1.047
https://doi.org/10.3321/j.issn:0254-3052.2006.z1.047
https://doi.org/10.1016/j.nima.2010.12.005
https://doi.org/10.1016/j.nima.2010.12.005
https://doi.org/10.3969/j.issn.0258-0934.2015.03.015
https://doi.org/10.3969/j.issn.0258-0934.2015.03.015
https://doi.org/10.13538/j.1001-8042/nst.25.050101
https://doi.org/10.13538/j.1001-8042/nst.25.050101
https://doi.org/10.1042/ETLS20200316
https://doi.org/10.1016/j.abb.2016.03.021
https://doi.org/10.1016/j.abb.2016.03.021
https://doi.org/10.1126/science.1925561
https://doi.org/10.1038/s41592-021-01146-y
https://doi.org/10.1038/s41592-021-01146-y
https://doi.org/10.1016/j.bsheal.2022.05.003
https://doi.org/10.1016/j.bsheal.2022.05.003
https://doi.org/10.3390/cryst10090798
https://doi.org/10.1107/S0907444913012274
https://doi.org/10.1107/S0907444913012274
https://doi.org/10.1107/s0907444994003112
https://doi.org/10.1107/S0907444910053916
https://doi.org/10.1107/S0907444910053916
https://doi.org/10.1063/1.1291808
https://doi.org/10.1107/S1600576719001183
https://doi.org/10.1107/S1600576719001183
https://doi.org/10.1107/S0907444994003112
https://doi.org/10.1107/S0907444994003112
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S2059798317017235
https://doi.org/10.1107/S2059798317017235
https://doi.org/10.1107/S2059798317015121

The biosafety level-2 macromolecular crystallography beamline (BL10U2) at the Shanghai... Page 130f 13 202

36.

37.

superfacility platform in China. Mach. Learn.-Sci. Technol. 2,
035003 (2021). https://doi.org/10.1088/2632-2153/abe193

P.C. Han, L.J. Li, S. Liu et al., Receptor binding and complex
structures of human ACE2 to spike RBD from omicron and delta
SARS-CoV-2. Cell 185, 630-640 (2022). https://doi.org/10.
1016/j.cell.2022.01.001

L.J. Li, H.Y. Liao, Y.M. Meng et al., Structural basis of human
ACE2 higher binding affinity to currently circulating Omicron
SARS-CoV-2 sub-variants BA2 and BA11. Cell 185, 2952-2960
(2022). https://doi.org/10.1016/j.cell.2022.06.023

38. Y.K. Duan, H. Zhou, X. Liu et al., Molecular mechanisms of
SARS-CoV-2 resistance to nirmatrelvir. Nature 622, 376-382
(2023). https://doi.org/10.1038/s41586-023-06609-0

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1088/2632-2153/abe193
https://doi.org/10.1016/j.cell.2022.01.001
https://doi.org/10.1016/j.cell.2022.01.001
https://doi.org/10.1016/j.cell.2022.06.023
https://doi.org/10.1038/s41586-023-06609-0

	The biosafety level-2 macromolecular crystallography beamline (BL10U2) at the Shanghai Synchrotron Radiation Facility
	Abstract
	1 Introduction
	2 Beamline
	2.1 Light source
	2.2 Beamline optics

	3 Experimental station
	4 Experiments methods
	5 BSL-2 Operation
	5.1 Architecture design
	5.2 Sample list
	5.3 Proposal management
	5.4 Data collection in BSL-2 mode

	6 Control and data acquisition system
	7 First commissioning results
	7.1 Energy range
	7.2 Energy resolution
	7.3 Photon flux at the sample point
	7.4 Beam size at the sample point
	7.5 Beam divergence at the sample point
	7.6 Sample screening speed
	7.7 Highest diffraction resolution
	7.8 Commissioning summary

	8 Operation status and user achievements
	9 Summary and conclusion
	Acknowledgements 
	References




