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Since 2003, the Macromolecular Crystallography (MX) group at Helmholtz-

Zentrum Berlin (HZB) has been operating three MX beamlines at the BESSY

II storage ring in Berlin. These beamlines were established to support the

emerging structural genomics initiatives founded in Germany, Europe, and

overseas around the turn of the century. Over the past two decades, these

beamlines have been continuously developed to enable state-of-the-art

diffraction experiments and to provide supporting facilities such as a sample

preparation laboratory, a spectroscopy laboratory, a Biosafety Level 1 labora-

tory and all necessary computing resources for the MX and chemical crystal-

lography user community. Currently, more than 100 independent research

groups from the greater Berlin area, Germany, and Europe utilize these

beamlines. Over time, more than 4500 Protein Data Bank depositions have been

accrued based on data collected at the beamlines. This paper presents historical

aspects of the beamlines, their current status including their research output, and

future directions.

1. Introduction

1.1. Current state of macromolecular crystallography

The field of macromolecular crystallography (MX) has

undergone dramatic developments in the last decade. In the

mid-2010s, advances in cryo-electron microscopy (cryo-EM)

brought about the resolution revolution (Kühlbrandt, 2014),

which established cryo-EM as an alternative method for

structure determination at a resolution sufficient to fit atomic

models. Structures of large multi-protein complexes and of

membrane proteins, which are both notoriously hard to crys-

tallize, could now be tackled by cryo-EM. In the early 2020s,

there was the transformative release of AlphaFold2 (Jumper

et al., 2021), which enabled the prediction of a 3D structural

model for almost every possible sequence of amino acid

residues. Despite all these developments, MX was and still is

the dominant method, in terms of the number of deposited

structures per year, for the structure determination of

proteins, protein/nucleic acid complexes and protein/ligand
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complexes. Moreover, over the past 50 years, MX has

contributed more to our understanding of the molecular

principles of life than any other structure determination

technique as shown by the current content and the growth

statistics (Fig. 1) of the Protein Data Bank (PDB) (Berman et

al., 2000).

As of 10 December 2024, more than 228000 structures of

the molecules of life have been determined experimentally

and deposited in the PDB, of which about 190000 (83%) have

been determined by MX. This enormous wealth of informa-

tion is used by an ever-growing community of researchers to

address important questions in biochemical, molecular biolo-

gical and biomedical research. It is also clear that the success

of AlphaFold2 and related structure prediction methods is

based on the availability of these experimental protein struc-

tures assembled and well curated in the PDB. Despite the

enormous growth of cryo-EM and the advent of Alphafold2,

the number of MX structures deposited per year in the PDB

is not decreasing. Clearly, due to Alphafold2, experimental

phase determination experiments have become largely obso-

lete, but it is also clear that a predicted model alone without

any experimental structure information is not (yet) sufficiently

accurate to help gain a deeper understanding of the structure–

function relationship of the protein or protein complex under

investigation (Terwilliger et al., 2024). As a consequence of

the reduced demand for experimental phase determination

experiments, the MX community can focus on other experi-

ments, such as crystallographic fragment screening (CFS)

(Barthel et al., 2024; Fearon et al., 2025; Kanchugal et al., 2025)

or other multi-crystal experiments such as radiation dose

series, concentration series etc. Also, the discovery of signifi-

cant conformational differences between structures deter-

mined at 100 K and structures determined at ambient

temperature led to the re-emergence of room-temperature

crystallography (Fraser et al., 2011). Consequently, we antici-

pate that there is no less demand for synchrotron beamtime

than before cryo-EM and Alphafold, and the almost 100 MX

beamlines, which are available to the user community world-

wide, will continue to be busy.

1.2. History of the HZB-MX beamlines

The MX beamlines at BESSY II were initially conceived to

serve the projected needs of a Berlin-based structural geno-

mics consortium named the Protein Structure Factory (PSF)

(Heinemann et al., 2000). Around the turn of the millennium,

structural genomics projects aiming at high-throughput, large-

scale protein structure determination were initiated in Asia

(Kigawa et al., 2000), North America (Terwilliger, 2000) and

Europe (Heinemann, 2000). They were stimulated by predic-

tions that the total number of protein folds is limited and

orders of magnitude smaller than the number of protein-

coding genes in the biosphere and that it should thus be

feasible to generate useful structural models covering a large

fraction of protein fold space using a systematic target selec-

tion and structure analysis approach (Vitkup et al., 2001).

Deciphering the 3D structures for most of these protein folds

was expected to greatly facilitate and accelerate further

experimental structure determination, computational struc-

ture prediction and, ultimately, structure-based drug devel-

opment. However, this gargantuan task required a concerted

international effort towards improving technologies, creating

facilities and achieving standardization of research tools. With

this goal in mind and anticipating future use by a wider

structural biology community beyond structural genomics, the

Berlin PSF project set out to generate methods and instru-

mentation for high-throughput protein production, protein

characterization, crystallization and structure analysis by

NMR and X-ray diffraction (Heinemann et al., 2003). The

latter included the current MX beamlines, which were estab-

lished at the then recently opened BESSY II synchrotron in

Berlin-Adlershof (Fig. 2). The MX beamline sub-project of the

PSF was planned and directed at the Max-Delbrück Center for

Molecular Medicine, Berlin, and later transferred to Freie

beamlines
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Figure 1
PDB growth by method as of 10 December 2024. (Note: the numbers for
2023 and 2024 will only be final at the end of 2024 and 2025, respectively,
due to the one-year hold period policy of the PDB.)

Figure 2
Aerial view of the BESSY II electron storage ring in Berlin-Adlershof,
Germany.



Universität Berlin, largely for administrative reasons. Since it

was expected that most of the anticipated protein structure

analyses would require experimental phasing through anom-

alous diffraction, the initial design put an emphasis on tune-

able beamlines.

2. The HZB-MX beamlines

2.1. The BESSY II storage ring

BESSY II is a third-generation synchrotron facility oper-

ated by the Helmholtz-Zentrum Berlin für Materialien und

Energie. It is located in the southeast of Berlin close to the

Berlin-Brandenburg airport BER. The BESSY II machine has

been in operation since 1998 and works at a ring energy of

1.7 GeV, thus enabling a broad experimental portfolio that

spans from IR to VUV and XUV, and further into the hard

X-ray energy range. It currently supports more than 50

beamlines. Among these are the three MX beamlines located

in section 14 of BESSY II and named BL14.1, BL14.2 and

BL14.3. During regular multi-bunch operation, the ring

current is 300 mA, with regular topping up to compensate for

electron beam loss.

2.2. The radiation source

The radiation source for the three MX beamlines is a

superconducting 7 T wavelength shifter (7T-WLS), developed

and constructed at the Budker Institute of Nuclear Physics

in Novosibirsk, Russia, which was installed in the low-beta

section of sector 14 of the BESSY II ring lattice in 2001. It has

a broad horizontal radiation fan of 80 mrad and a very narrow

vertical divergence of 0.1 mrad and a moderate source size of

50 mm � 20 mm (h � v FWHM). This insertion device was

designed to serve as the radiation source for all three HZB-

MX beamlines, providing a critical energy of 13.5 keV at full

field operation. During the more than two decades of opera-

tion, this device proved to be exceptionally reliable, operating

for over 24 years without any unexpected downtime. In 2018,

the 7T-WLS received an on-site major overhaul by the

manufacturer. The upgrade included a new vacuum chamber,

a new and highly efficient cryogenic design to minimize heat

dissipation effects, new superinsulation seals and new control

system hardware. Currently, the BESSY II machine group is

investigating the possibility of replacing this insertion device

by a functionally similar installation from another supplier to

mitigate hardware issues that could arise in the future.

2.3. The three MX beamlines

The three HZB-MX beamlines (Mueller et al., 2012;

Mueller et al., 2015) have now been in operation for over two

decades. Their availability has significantly influenced the MX

community in Berlin, Germany, and across Europe, as

evidenced by more than 1500 publications and more than 4500

PDB depositions using data gathered at the beamlines.

Despite being a slightly dated infrastructure when compared

with more recent installations in Europe, it remains among the

most productive MX facilities in Europe (see Biosync statistics

https://biosync.rcsb.org). The reliability and productivity of

the beamlines are due to continuous upgrades to the endsta-

tions, including sample changer robotics, modern detectors

and goniometry. In addition, a loyal and growing user

community has been built, which remains very active in

utilizing the HZB-MX beamlines for their research.

The three beamlines feature a joint optics hutch and one

experimental hutch per beamline. This enables the beamlines

to be operated separately and independently from one

another. The beamlines are operated by on-site users from a

joint operations hutch (Fig. 3). Close to the operations hutch,

users can access a sample preparation laboratory as well as a

UV/Vis spectroscopy laboratory (MX-SpectroLab).

2.3.1. BL14.1

BL14.1 is a 26 m-long beamline, which receives a 2 mrad

cone, centered at � 40 mrad inward of the�40 mrad radiation

fan of the 7T-WLS. It includes the following optical elements

from upstream to downstream: a Rh-coated, 1200 mm-long,

upward-deflecting, vertically collimating cylindrical silicon

mirror; a water-cooled Si(111) double-crystal monochromator

with a sagittally bent second crystal for horizontal focusing

(AXILON, Germany); and a Rh-coated, 1200 mm-long,

downward-deflecting, vertically focusing cylindrical glass

mirror. This configuration produces a beam cross section at

the sample position of 250 mm � 100 mm (h � v FWHM).

With the commonly used MD2 overfilling aperture of 50 mm

diameter, the beam cross section is reduced to 60 mm � 40 mm

(Mueller et al., 2015). The beamline can be operated in the

energy range 5.5–16 keV.

The experimental endstation of BL14.1 [Fig. 4(a)] includes

an MD2 microdiffractometer with a minikappa goniometer

MK3 (ARINAX, France), offering a small sphere-of-confu-

sion (SOC) of approximately 1 mm RMSD. A Pilatus3X 6M

hybrid photon counting area detector (DECTRIS, Switzer-

land) offers a 100 Hz frame rate and provides a large 2�-

beamlines
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Figure 3
Schematics of the three HZB-MX beamlines. A: Shared optics hutch; B:
BL14.1 experimental hutch; C: BL14.2 experimental hutch; D: BL14.3
experimental hutch; E: user operation center; F: sample preparation
laboratory; G: SpectroLab.

https://biosync.rcsb.org


acceptance range of 60� at a minimal achievable detector

distance of 129 mm. Standard exposure times currently range

from 0.03 to 0.3 s per frame. The setup is completed by a

CATS sample changer with a 144-sample LN2 dewar

(IRELEC-ALCEN, France), which is fully SPINE compatible

and uses universal pucks (UniPucks) and a double gripper for

dry sample transfer. On average, sample exchange times are in

the range of 35 s. The sample changer has been in operation

since 2008 and is to date one of the oldest systems of its kind

still in operation. This setup allows for high throughput (HT)

screening of up to 100 crystals within an 8 h user shift. The

reliability of the sample transfer has been continuously

improved and is now below 0.05% sample loss. Actual sample

losses occur mainly due to non-standard or defective sample

holders inserted into the system by beamline users.

At BL14.1, an AMPTEK XR-123SDD silicon drift diode

detector is used for absorption-edge energy scans, typically

requiring about 5 min per scan. Energy-dispersive fluores-

cence spectra analysis is also possible to identify the unknown

metal content of proteins. BL14.1, along with all other

beamlines, is controlled by VME hardware using SPEC

(https://www.certif.com) and TANGO (https://www.

tango-controls.org).

2.3.2. BL14.2

BL14.2 is a 28 m beamline that receives the central 2 mrad

cone of the �40 mrad radiation fan of the 7T-WLS. Similar

to BL14.1, the optical components include two Rh-coated,

1200 mm-long, cylindrical mirrors: one upstream of the

monochromator system for vertical collimation and one

downstream of the monochromator for vertical focusing.

It utilizes the same tuneable Si(111) double-crystal mono-

chromator system (AXILON, Germany) as BL14.1 and is able

to achieve the same energy range (Table 1). Using beam

finders and digital cameras installed in three different posi-

tions in the beamline, it is possible to monitor the dimensions

and position of the beam during optimization. It partially

shares a vacuum system with BL14.3, which diverges after

the monochromator chamber. The beam cross section at the

sample position is 150 mm � 100 mm (h � v FWHM). The

beam diameter is defined by the final 100 mm aperture with a

resulting beam cross section of 110 mm � 60 mm.

The experimental endstation of the beamline [Fig. 4(b)]

is equipped with an on-axis sample microscope camera

(ARINAX, France) with user-controlled 12� optical magni-

fication and a single-axis diffractometer with a SOC smaller

beamlines
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Figure 4
View of the endstations of BL14.1 (a), BL14.2 (b) and BL14.3 (c).

Table 1
Summary of beamline properties.

BL14.1 BL14.2 BL14.3

Wavelength range (Å) 0.8–2.25 0.8–2.25 0.89

Photon flux at sample [photon s� 1

(100 mA)� 1 (0.05% bandwidth)� 1]
1.6 � 1011 (at � = 0.92 Å) 1.5 � 1011 (at � = 0.92 Å) 2.3 � 1010

Energy resolution (eV) < 2 < 2 < 5
Beam size (mm diameter) 50–100 100 50–200
Goniometer MD2 microdiffractometer with MK3 Nanodiffractometer MD2S microdiffractometer with MK3
X-ray detector Pilatus3 X 6M Pilatus3 S 2M Pilatus3 S 6M
Sample mounting CATS sample changer ISARA2 sample changer Manual

No. of samples in sample dewar 144 Unipuck 464 Unipuck –
Exposure times (s �� 1) 0.1–10 0.4–10 0.4–20
Detector distance range (mm) 129–649 57–800 110–501
Achievable resolution (Å) 0.84 0.71 0.85
Maximum unit-cell length (Å) 600 (at dmin = 2.0 Å) 400 (at dmin = 2.0 Å) 600 (at dmin = 2.0 Å)
Remote operation Yes Yes No

Special equipment and operations HT crystal screening HT crystal screening RT data collection
Crystal annealing Safe light conditions Controlled dehydration
UV-pulsed laser for ultra-violet light

radiation-damage inducing phasing
Chemical crystallography REX nozzle exchanger

https://www
https://www.tango-controls.org
https://www.tango-controls.org


than 100 nm, which was constructed by the HZB-MX group

based on drawings provided by Alke Meents (DESY,

Hamburg), while the beam shaping devices are attached to

SLC linear piezo motors (SmarAct, Germany). The X-ray

detector is a hybrid photon counting Pilatus3S 2M

(DECTRIS, Switzerland) with a 25 Hz maximum frame

rate. The detector can be positioned only 57 mm from the

sample, which combined with a higher X-ray energy at

15.5 keV allows high-resolution data collection up to 0.71 Å,

also making the beamline suitable for small-molecule

crystallography.

Like BL14.1, BL14.2 has an AMPTEK XR-123SDD Si drift

diode detector mounted, which allows X-ray fluorescence

experiments to be run. The BL14.2 experimental hutch is also

equipped with narrow-bandpass LED adjustable ambient

lighting, which allows the measurement of photo-sensitive

crystals. Four conditions are available: red (629 nm), amber

(591 nm), green (517 nm) and blue (462 nm) (Fig. 5). The

ISARA2 robotic sample changer (IRELEC-ALCEN, France)

was recently installed in the experimental hutch, which allows

the automated mounting of up to 464 samples from 29

UniPucks. The average time to unmount a sample and mount

the next is 15 s.

2.3.3. BL14.3

Beamline BL14.3, extending 25 m from the X-ray source,

operates with a static focus and maintains a constant energy of

13.8 keV. It partially shares its vacuum system with BL14.2

and is horizontally offset by 5 mrad in a counterclockwise

direction relative to BL14.2. The optical components include

an asymmetrically cut single-crystal Si(111) monochromator

with direct water cooling, which can be meridionally bent for

horizontal focusing (AXILON, Germany). Vertical focusing

is achieved using a horizontally deflecting, lateral gradient,

cylindrically shaped Si/Mo multi-layer mirror. Both optical

elements are configured in a Kirkpatrick–Baez geometry. This

configuration produces a beam cross section at the sample

position of 300 mm � 100 mm (h � v FWHM). Using a

100 mm-diameter aperture, the resulting beam cross section at

the sample is 100 mm � 80 mm.

The endstation of BL14.3 [Fig. 4(c)] consists of an MD2-

goniometer (ARINAX, France) with four different apertures

of 50, 70, 100 and 200 mm and an Aerotech (AEROTECH,

USA) stage that carries a Pilatus3S 6M detector (DECTRIS,

Switzerland). In standard operation mode, crystals are cryo-

cooled at 100 K (Oxford Cryosystems, United Kingdom). A

nozzle exchanger installed at the beamline rapidly switches

between a 100 K LN2 cryo-stream and a HClab crystal

humidifier (ARINAX, France) providing a lot of flexibility

to the users. The crystal humidifier provides a controlled-

humidity environment to a crystal, replicating the relative

humidity in the original crystallization droplet (Kiefersauer et

al., 2000; Bowler et al., 2015). Primarily, the device is very

useful to assess crystals’ native diffraction capacity, irrespec-

tive of any effects of cryo-protectant that may be detrimental

to diffraction. It can also be used for establishing humidity

gradients and one further advantage is the option to conduct

experiments at 100 K without any cryo-protectant after the

complete removal of the surrounding mother liquor under the

humidity stream at room temperature (RT) (Malinauskaite et

al., 2014; Monecke et al., 2015; Klingl et al., 2015). A summary

of all relevant beamline parameters is given in Table 1.

2.4. Beamline development projects

Owing to their rather modest photon flux, the HZB-MX

beamlines are at a disadvantage compared with other facilities

regarding sample throughput. To partially mitigate this

limitation, BL14.1 will soon be profoundly upgraded to a

fixed-energy, large (1%) energy bandpass operation scheme

(pink beam operation). This modification will increase the

photon flux substantially, which in turn will reduce exposure

times by at least a factor of 5. The larger photon flux will also

allow serial crystallography experiments on micrometre-sized

crystals. The heart of the upgrade will be the exchange of the

currently used Si(111) double-crystal monochromator with a

double multilayer mirror monochromator (DMM). This

DMM will be optimized for an energy of around 10.5 keV

and an energy bandpass of around 90 eV. Our beamline

simulation results using Ray-UI (Baumgärtel et al., 2016) show

an effective photon flux of 2.2 � 1012 photon s� 1 (1%

bandwidth)� 1 at the sample position, which corresponds to a

27-fold increase relative to the current situation. The mono-

chromator exchange is planned for 2026. In anticipation of this

upgrade, a Pilatus3X 6M performance model detector was

installed in December 2024, which allows for up to a 100 Hz

frame rate.

Future automation projects are aiming to establish a fully

automated beamline operation at BL14.1 for large-scale

repetitive data collections, as required e.g. for CFS campaigns.

In addition we are currently working on a preliminary

design review for the BESSY III project (Schwarzkopf et al.,

2023). The current plan entails the design of two MX beam-

lines, one high-performance microfocus beamline with possi-

bilities for time-resolved serial crystallography and one

screening beamline. The envisaged start of BESSY III

beamline commissioning is currently 2036.

beamlines
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Figure 5
Safe light operation at BL14.2.



2.5. Ancillary facilities and BioLab

Several ancillary facilities and devices are available to

support HZB-MX users and in-house researchers in their

projects.

2.5.1. Gas pressure cell

A pressure device to incubate macromolecular crystals

(Hampton Research, USA) with gasses is available for

probing potential binding sites of molecules. Gasses such as

Xe or Kr, but also other gasses (CO2, NO, O2 etc.) can be

diffused under high pressure into the solvent channels of the

incubated protein crystals (Schiltz et al., 2003) to investigate

binding sites, hydrophobic channels and other properties. In

the case of using Xe or Kr, heavy-atom derivatives of proteins

can be prepared.

2.5.2. Crystal annealing

At each beamline, crystals can be annealed for a specific

time frame by a shield mounted at the nozzle of the cryo-

system. This device blocks the cryo-stream for 1–10 s

(Stevenson et al., 2001). On all beamlines the device can be

controlled remotely.

2.5.3. HZB-MX BioLab

A Biosafety Level 1 laboratory (HZB-MX BioLab) is

located in the vicinity of the beamlines and operated by the

MX group for external users and in-house research. The

laboratory is presently being expanded from an area of 70 m2

to 120 m2 and awaits an upgrade with more components (e.g.

crystal monitoring) towards a state-of-the-art infrastructure

for protein crystallization. Likewise, facilities for recombinant

protein production in bacteria or yeast (Innova 43, Thermo

MaxQ 6000 shakers, Cleanbench, Static Incubators), fermen-

tation (Lambda Minifor Bioreactor), protein purification

(Äkta Pure, Amersham Äkta Purifier), biophysical char-

acterization like a real-time-PCR-based differential scanning

fluorimetry setup, Tecan Spark Plate Reader and a PeqLab

Nanodrop are available. The HZB BioLab offers bench space

for in-house research (see below) and external users. After an

online registration step, users are given access and can then

conduct their experiments in the BioLab.

2.5.4. HZB-MX SpectroLab

The HZB-MX SpectroLab is adjacent to the beamlines

(Fig. 3) and equipped with a micro-spectrophotometer that

allows measurement of the absorbance of tiny protein crystals

in the UV/Vis spectral region. The illumination source is a

deuterium/tungsten halogen lamp, covering the UV/Vis range

from 200 to 1100 nm. The spectrometer itself is an Ocean-

Insight HR2000+ES model. Protein crystals can be viewed at

room temperature or cryo-cooled by an Oxford Cryojet XL.

The spectrometer is operated with the OceanView software

(https://www.oceanoptics.com). SpectroLab room lighting can

be from white light or LEDs with wavelengths of 462 nm

(blue), 517 nm (green), 591 nm (amber) or 629 nm (red). Dark

operation is also possible. The micro-spectrophotometer can

be used offline to detect color changes due to structural

rearrangements or radiation damage in proteins with a color

center such as a heme group or a chromophore such as retinal.

Prior to data acquisition, crystals can be illuminated, spec-

troscopically characterized and rapidly cryo-cooled to 100 K.

2.5.5. HZB-MX PrepLab

The HZB-MX PrepLab is a small laboratory adjoining the

beamlines. The available equipment includes the NT8 crys-

tallization robot (FORMULATRIX, UAE) and three

stereomicroscopes (Leica, Germany) for monitoring crystal

growth, as well as equipment for soaking, harvesting and

crystal cryo-cooling. Sample preparation for CFS is performed

in the PrepLab.

2.6. IT infrastructure

The operation of all motors and devices of the beamlines is

controlled via SPEC and TANGO components. HZB-MX is

part of the MXCuBE collaboration (Oscarsson et al., 2019),

and the beamline operation by users is completely handled via

the MXCuBE2 software.

Each beamline uses an individual beamline control

computer and several servers to distribute various other

hardware services, for example the goniometer control,

sample changer TANGO services and detector control units.

All three Pilatus3 detectors are additionally supported by

Pilatus Processing Unit (PPU) servers, which offer additional

CPU and storage capacities at the experimental level before

the diffraction data can be transferred to the central storage

facilities.

The downstream MX IT infrastructure has been optimized

to ideally support experimental data collection and the

processing and archiving of all data. Available storage space is

continuously expanded up to a total capacity of almost 0.5 Pb.

Several file and compute servers are operated, which support

the main data streams from the three beamlines and the

distribution of the data for the shared data analysis by the

beamline users. The main network communication between

the endstations and the servers is based on 10–25 Gb ethernet

and storage attached fiber channel networks for rapid data

transfers. On-site and remote beamline users as well as in-

house researchers can make use of our optimized environment

for data processing, structure solution and visualization (see

also Section 2.7.1). For data processing, our pipeline devel-

oped in-house named XDSAPP (Sparta et al., 2016) is used to

automatically evaluate all datasets immediately after the

completion of the data collection and to present a summary

report to the users. In addition, especially for individual GUI-

assisted data processing for more specialized optimization, the

XDSAPP GUI can be used. In close collaboration with MAX

IV we are hosting and using the FragMAXapp (Lima et al.,

2021) expert system for the automated parallel processing and

evaluation of large screening campaigns of hundreds if not

thousands of datasets. The FragMAXapp service runs on a

dedicated 192 CPU HP-DL580 server.

beamlines

6 of 13 Uwe Mueller et al. � MX beamlines of Helmholtz-Zentrum Berlin at BESSYII J. Synchrotron Rad. (2025). 32

https://www.oceanoptics.com


2.6.1. Cyber attack

On 13 June 2023, HZB became the target of a severe cyber

attack. The intruders infiltrated systems and, by the night of

14–15 June had launched a large-scale encryption attack,

crippling IT infrastructures across HZB. Upon discovery early

on 15 June, all IT services were shut down to prevent further

damage and preserve evidence. Law enforcement agencies

were immediately involved, and forensic investigations began.

Many systems classified as evidence could not be modified or

reinstalled, significantly delaying recovery efforts. Critical

systems supporting beamlines, experiments and administrative

services were among those affected.

In the immediate aftermath, nearly all IT-dependent

systems were inoperable. E-mail and telephony were

completely unavailable, and access controls, including keys

and cards for offices and experimental areas, were rendered

unusable or barely functional. With central IT authentication

offline, services outside HZB relying on federated logins were

also inaccessible. Communication was reduced to the most

basic means: in-person meetings and personal phone calls. For

several weeks, these ad hoc methods were the only way to

coordinate efforts, as no centralized communication systems

were available. It took significant time to restore even minimal

communication workflows, and functional systems for broader

coordination were only established much later.

The full scale of the attack became apparent shortly after.

Discussions on recovery began immediately, leading to the

formation of the ‘BESSY II Restart’ task force within a month

after the attack with the aim of overseeing the process (Müller

et al., 2025). For the experimental hall the recovery plan

required a complete IT infrastructure overhaul, including a

secure redesign of the network and dedicated infrastructure.

However, with financial and administrative systems also down,

procurement and payments were severely disrupted. Despite

these challenges, the first shipment of new hardware arrived in

September 2023, and installation began immediately. Old

servers were carefully preserved for forensic analysis, while

new systems were built from scratch.

By mid to late October 2023, basic configurations of servers

and core infrastructure were completed, including the opera-

tion of virtualization clusters and critical backend systems.

Services such as name resolution, DHCP, boot servers, file

servers for the control infrastructure, proxies and jump hosts

were progressively built from scratch by November. The

process required meticulous documentation and automation

to manage the complexity of the new setup, which isolated

every experimental station with dedicated subnets and

VLANs to enhance security. This work was carried out by a

newly formed group, composed of personnel reassigned from

various departments, as central IT resources were primarily

focused on restoring foundational services. This newly

assembled team was established specifically to handle the

unique challenges of rebuilding the experimental hall infra-

structure.

In December, prototype testing of beamlines began,

refining workflows for migrating systems to the new network.

The migration of approximately 50 experimental setups began

in mid-January 2024 (with the total number of related services

and networks amounting to approximately 140). The MX

beamlines were then able to resume local operations by late

January. Each migration involved identifying and docu-

menting every network port, computer and device belonging

to a particular experiment, as well as reconfiguring and testing

systems and deploying all necessary services in each of the

newly created networks. This phased process continued into

early summer 2024.

While local beamline operations were restored by mid-2024,

remote access capabilities, a critical feature particularly for

MX users, were re-enabled only by October 2024 (see also

Section 2.7.1 below). The priority then was to ensure secure

and stable local operations before implementing advanced

features. The recovery left HZB with a robust and modernized

IT infrastructure, hopefully better prepared for future chal-

lenges.

2.7. Access to the HZB-MX beamlines

Access to the HZB-MX beamlines is organized via HZB’s

digital user office portal GATE (https://www.helmholtz-berlin.

de/user/gate/index_en.html). The acronym GATE stands for

General Access Tool to the Experimental infrastructures of

HZB. Within GATE all user communication is managed, from

user registration to safety training, applications for beamtime,

managing allocated beamtimes, including scheduling, all the

way to reporting on the beamtime shifts used. MX user

beamtime is typically available from Wednesday to Sunday.

Monday is machine commissioning day and Tuesday is set

aside for beamline commissioning. However, after successful

beamline commissioning on Tuesday morning, the remaining

Tuesday hours may also be used for user experiments or for

in-house research.

Two calls for beamtime applications are issued per year,

with deadlines typically in February or March and in

September. For MX beamtime applications, user groups are

requested to pool all their projects (up to 20) into a single

proposal, so that they can be assessed jointly by the beamtime

selection panel. In addition, upon request, MX beamtime can

be applied for in a rolling or urgent access scheme throughout

the year. Once submitted, the proposal will be sent out for

review and beamtime can often be allocated in less than two

weeks following the submission. A speciality of HZB-MX user

operation is the fact that users can schedule their own

beamtime using the MX calendar, which is accessible via

GATE.

2.7.1. Remote beamline access

Remote beamline access is enabled for BL14.1 and BL14.2.

Upon booking their beamtime, beamline users can select

whether they want to use this access scheme or whether they

prefer to carry out their experiments in person at the HZB.

After the initial establishment of remote beamline access in

2020, more than 95% of all beamtimes have been operated via

the remote beamline preferred access scheme. Now, after the
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disruption by the cyber attack and the successful relaunch of

the remote beamline operation, we anticipate returning to the

previously achieved remote utilization of the beamlines in the

coming months.

Technically, users connect to the relevant experimental

control computers using NoMachine (https://www.nomachine.

com) and multi-factor-authentication (MFA) access rules.

Once connected, the user can access the MXCuBE application

displayed on a dual-monitor user terminal. This enables the

user to set up their data collections, and to view the robot-

assisted sample transfer and the sample environment at the

goniometer during the diffraction experiment via two parallel

high-definition video-streams. Users can analyze the auto-

processing results or can run interactive processing. The local

user support is connected via Zoom to the remote users for

training at the beginning and during normal working hours of

the experiment. HZB-MX supports a 24/7 call service for local

technical support, which can be called by the users in case of

problems at any time.

Several times a year a remote access online training is

organized by HZB-MX, which all remote users are obliged to

attend at least once per year. During this 3–4 h training, the

experimental capabilities are discussed as well as all required

steps to prepare and execute remote experiments at the

beamlines.

3. Scientific output

Since the first structure based on data collected on the HZB-

MX beamlines was published in 2003, more than 4500 further

structures have been deposited in the PDB. The number of

structures deposited in the PDB per year is shown in Fig. 6.

After the initial ramp-up phase 2003–2009, the output is now

relatively stable at 200–300 structures per year. In addition to

macromolecular structures, several hundred small-molecule

structures have been determined based on data collected at

the beamlines. With respect to publications, the last reliable

numbers stem from the period 2012–2016 due to a beamline

review, which took place in early 2017. In this period 705

scientific publications, 184 completed PhD theses and 85

Diploma/Master theses were based in full or in part on data

collected at one of the HZB-MX beamlines. Compared with

the previous period 2007–2011, this represented essentially a

doubling of the numbers.

4. In-house research program

4.1. Synchrotron-based fragment screening

After the installation of the first Pilatus2 detector in early

2013 on BL14.1, it was realized that the sample throughput of

the beamline could be increased to the extent that screening

experiments could become feasible. Consequently, activities

were initiated to establish a CFS facility. In collaboration with

the drug design group of Professor Dr Gerhard Klebe,

University of Marburg, Germany, and supported by two grants

from the German Research Ministry BMBF, the two

compound screens F2X-Entry and F2X-Universal (Wollen-

haupt et al., 2020) and tools to support the handling of large

sample numbers were developed (Barthel et al., 2021), and a

complete CFS workflow was established (Wollenhaupt et al.,

2021). The facility, called the F2X facility (Barthel et al., 2024),

is now fully operational (https://hz-b.de/F2X). It provides

users and in-house researchers with the possibility of

screening their own target protein(s) for potential starting

points in a drug discovery project.

4.2. Plastic-degrading enzyme design

In 2016, the discovery of the bacterium I. sakaiensis which

naturally evolved two enzymes, coined PETase [breaking

down polyethylene terephthalate (PET) to the intermediate

mono-hydroxy ethylene terephthalate, MHET] and MHETase

(hydrolyzing MHET to the monomeric building blocks

terephthalic acid and ethylene glycol) (Bornscheuer, 2016;

Yoshida et al., 2016), sparked great interest in enzymatic

plastic degradation. In recent years, enzymes have become a

viable option for the recycling, upcycling and bioremediation

of hydrolyzable polymer types, i.e. PET, PU (polyurethane) or

PA (polyamide). The project started with the first structures of

I. sakaiensis PETase and MHETase (Graf et al., 2021; Palm et

al., 2019). However, due to their low activity and low stability,

these enzymes need further improvement before they qualify

for more sustainable larger-scale industrial recycling

processes. In particular, the structure of substrate-bound

MHETase (Fig. 7) was instrumental in improving the enzyme

activity semi-rationally by a factor of two and even led to the

design of a new enzyme that can hydrolyze the related

substrate bis-hydroxyethylene terephthalate (BHET). Toge-

ther with collaborators, multiple other PET hydrolases were

structurally characterized and improved (Wei et al., 2022; Pfaff

et al., 2022). In these studies, carboxylesterases were structu-

rally examined, and alternative substrate-binding modes of

PET hydrolases were elucidated by co-crystal structures. To

improve the comparability and coherence of new studies on

PET hydrolases, standardized experimental parameters for

the assessment of PET hydrolases were suggested together

with academic and industrial collaborators (Arnal et al., 2023).

Ongoing studies on PET hydrolysis have currently expanded

towards other polymer types like PA and PU, also imple-
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Figure 6
Yearly PDB deposition statistics of the HZB-MX beamlines (status 10
December 2024).
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menting AI-based enzyme design (Dauparas et al., 2022; Wang

et al., 2022; Krishna et al., 2024). Recently, it was possible to

structurally characterize a polyurethanase, which possesses an

amidase fold along with an unusual regulation mechanism (Li

et al., 2025). The crystal structures further served as a starting

point for quantum mechanics/molecular mechanics analyses to

elucidate the enzyme’s intricate catalytic cycle (Paiva et al.,

2025). Additionally, nylonases Nyl-C and Nyl-A will be further

investigated structurally to improve the active site accessibility

either rationally or with AI-based enzyme design (Yasuhira et

al., 2010; Bell et al., 2024).

5. Beamline user research highlights

5.1. SARS-CoV-2 main protease (Hilgenfeld group, Lübeck

University)

In 2020, the Covid-19 pandemic appeared and shortly after

turned into a global health emergency. The first incidents of

a newly emerging respiratory disease became public in

December 2019, and the source of this new disease was

quickly identified as a novel coronavirus in January 2020. Only

days after the viral genome was published the Hilgenfeld

group began to produce the main protease Mpro of the new

virus (later called SARS-CoV-2). After successful crystal-

lization, they reached out to the MX group at BESSY II for

beamtime, and three days later managed to collect a high-

resolution dataset (1.75 Å) at BL14.2 of their Mpro crystals.

The structure was then solved in early February 2020 (Fig. 8)

and published in March 2020 (Zhang et al., 2020). These

studies led to the first structural insights into the newly

emerged virus, which were used as a basis for several other

experiments and hypotheses.

5.2. Phytochrome (Hughes group, Giessen University)

Phytochromes are a class of photoreceptors that are used by

prokaryotes and plants to sense their environment and regu-

late key developmental processes. They exist in a red-light

sensing Pr and a far-red-light sensing Pfr state, between which

they can photoconvert through absorption of a photon at their

bilin chromophore. In plants, different groups of phyto-

chromes predominate under different environmental condi-

tions, for example phyA in the dark or phyB under light

conditions. To understand the structure and function of these

different phytochromes, crystals of the sensory modules of

soybean and sorghum phytochromes in the Pr state were

measured at BL14.1. This yielded structures at high resolu-

tions (PDB IDs 6tl4, 6tc5 and 6tc7), including the first struc-

ture of a plant phyA phytochrome (Nagano et al., 2020).

Two of these datasets have been collected at BL14.2 at

maximum resolutions ranging from 2.1 to 2.9 Å. These struc-

tures reveal details of how the chromophore is bound (Fig. 9)

and, together with spectroscopic measurements, suggest

mechanisms of how plant phytochromes convert between the

Pr and Pfr states, further highlighting intriguing differences as

well as similarities between phytochromes from plants and

prokaryotes.
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Figure 8
The crystal structure of MPro from the Hilgenfeld group (PDB ID 6y2g).
(a) A cartoon overview of the dimer of MPro shown in beige with the
bound ligand in stick representation, colored in green. (b) A detailed
view of the active site of MPro with the protein’s surface shown in beige,
except for the two active site residues shown in blue. The ligand 13b is
shown as sticks colored in green.

Figure 9
Structure of soybean PhyA(PG)-PCB. The PCB chromophore is colored
in cyan, and the PAS and GAF subunits of PhyA are shown in blue and
yellow, respectively. Waters are shown as red spheres. The inset shows the
details of the hydrogen bonding (black lines) network with PCB.

Figure 7
The structure of I. sakaiensis MHETase bound to the non-hydrolyzable
substrate MHETA (PDB ID 6qga). An overview of MHETase shown as a
cartoon with a transparent surface. The hydrolase domain is colored in
firebrick, the lid domain in marine and MHETA as yellow sticks. On the
right close-up view of the MHETase catalytic triad, oxyanion hole,
substrate-binding residues and the water molecules in the active site
cavity. Dashed lines indicate hydrogen bonds, interacting residues are
shown as sticks and colored by atom type. Carbon, as given for the
respective molecule; nitrogen, blue; oxygen, red; sulfur, yellow. Water
oxygens are shown as light green spheres.



5.3. PI3KC2a core in complex with PITCOIN2 (Daumke

group, Max Delbrück Centrum Berlin-Buch)

Phosphatidylinositol 3-kinase type 2� (PI3KC2�) is a

member of the lipid-modifying PI3K family. Due to its roles in

cancer, diabetes and neurological disorders, it has significant

medical relevance in humans. PI3KC2� is a class II PI3K, and

it synthesizes PI3,4-bisphosphate [PI(3,4)P2] from PI 4-phos-

phate at the plasma membrane, and is essential in mice. While

PI3KC2� performs important cellular functions, it is also

implicated in cancer, cataract formation, viral replication, and

other morbidities. Hence there is a demand for inhibitors that

target specific PI3K enzymes for therapeutic treatment. Using

data collected at HZB-MX BL14.1, structures of PI3KC2�

(Fig. 10) bound to three PhosphatidylInositol Three-kinase

Class twO INhibitors (PITCOINs) were solved to resolutions

of 2.5–2.9 Å (PDB IDs 8a9i, 7z74, 7z75) (Lo et al., 2023).

PITCOIN2 displayed an IC50 value of 121 nM with a high

specificity and the least off-target effects due to extra hydro-

phobic solvent-mediated stabilization with its inward-facing

hydroxyphenyl group. In follow-up experiments, it was found

that PITCOIN1 and 3 impair PI(3,4)P2 synthesis while

displaying no cytotoxicity, suggesting they are suitable candi-

dates for further drug development.

5.4. Metal–Organic Frameworks (Kaskel group, Dresden

University of Technology)

Metal–Organic Frameworks (MOFs) are an emerging class

of porous crystalline solids constructed from metal clusters

connected into 3D frameworks by organic ligands, adhering to

a modular building principle (Eddaoudi et al., 2001). They

hold record-breaking values in specific surface area and pore

volume, making them suitable for a range of applications,

including gas storage, separation, catalysis, drug delivery,

sensors and actuators (Kaskel, 2016). Depending on synthesis

conditions, MOFs can crystallize as either single crystals (10–

500 mm) or powders (10–1000 nm) (Schaate et al., 2011). Even

when single crystals are obtained, determining their crystal

structure is challenging due to the high content (up to 90%) of

disordered guest molecules, typically organic solvents, within

the pores. The ordered portion of the crystal structure usually

represents only 10–50% of the crystal volume, and the unit

cells can be substantial, often exceeding 100000 Å3 in volume.

This complexity poses challenges for structure determination

using laboratory single-crystal X-ray diffractometers, even

those equipped with microfocus X-ray sources. Due to simi-

larities between MOF and protein crystals, researchers of the

Kaskel group at TU Dresden frequently collect data at the

HZB-MX beamlines. Since 2009 the crystal structures of

nearly 80 new crystalline frameworks have been solved,

refined and published from datasets collected at beamlines

BL14.2 and BL14.3. In some cases, multiple datasets were

required either collected at different temperatures or

collected on crystals containing different guest molecules in

the pores. As a result, more than 130 new MOF-structures

have been added to the Cambridge Structural Database, and

35 papers have been published in high-impact journals. For

example, the crystal structures of ultra high porosity frame-

works with surface areas greater than 5000 m2 g� 1 have been

solved and refined from datasets collected at BL14.2 (Klein et

al., 2009; Grünker et al., 2014; Grünker et al., 2012; Stoeck et

al., 2012; Krause et al., 2019; Ehrling et al., 2021; Garai et al.,

2020a; Garai et al., 2020b; Müller et al., 2015). A typical

example of the single crystals and crystal structure of a

mesoporous Zr-based framework is depicted in Fig. 11. The

dataset, collected at BL14.2, allows one to solve and refine the

crystal structure of DUT-68(Zr) (DUT – Dresden University

of Technology. It crystallizes in a cubic space group Im�3m [a =

53.680 (6) Å, V = 154681 (31) Å3]. Although constructed of

relatively small building blocks [Fig. 11(b)], the crystal struc-

ture shows a complex framework topology, resulting in the

formation of a hierarchical pore structure containing the

rhombicuboctahedral mesopore of 28 Å in diameter [Figs.

11(c), 11(d)] (Bon et al., 2013).
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Figure 10
PITCOIN2 in complex with PI3KC2� taken from PDB ID 7z74 (Lo et al.,
2023). The binding site is magnified and shown in more detail. The
structure of PITCOIN2 is also shown along with the IC50 value deter-
mined experimentally.

Figure 11
Illustration of the single crystals (a), secondary building units (b), crystal
structure (c) and topological representation (d) of the Zr-based meso-
porous framework DUT-68(Zr) [pores are shown as spheres (c) and
geometric shapes (d)].



6. Summary and outlook

In this contribution, we have presented the history and status

of the three MX beamlines operated at BESSY II in Berlin,

Germany. Even though the beamlines have been in operation

since 2003, they continue to serve a large and loyal user

community, and they still belong to the most productive

installations of their kind in Europe. With the imminent

upgrade on BL14.1 to a pink beamline, the need for higher

sample throughput in particular for CFS experiments will be

met. Similarly, the HZB-MX group will continue to work

towards keeping the beamlines state-of-the-art and competi-

tive on an international level.
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Charité, Max Delbrück Centrum for Molecular Medicine,

Leibniz-Institute of Molecular Pharmacology and Max-

Planck-Institute of Colloids and Interfaces. We would like to

thank our former group members Dr Christian G. Feiler, Dr

Martin Gerlach, Dr Franziska U. Huschmann, Dr William

James Scanlan, Michael Steffien and Dr Jan Wollenhaupt for

their enthusiastic contributions. In addition, we would like to

acknowledge the collaboration between the MX-group at

HZB and the Drug Design Group at Marburg University for

very fruitful developments in the context of establishing the

F2X-facility. We thank the FragMAXapp team from MAX IV

Laboratory (Lund, Sweden), particularly Gustavo Lima (now

at Astex Pharmaceuticals), Tobias Krojer and Elmir Jagidin

for the ongoing collaboration and support. Finally, we would

like to thank Dr Andrea Thorn (Universität Hamburg) and

Professor Dr Ullrich Pietzsch (Universität Siegen) for their

support in acquiring the X-ray detectors, which are currently

installed at BL14.2 and BL14.3, via Collaborative Research

grants funded by BMBF. Open access funding enabled and

organized by Projekt DEAL.

Funding information

These developments were supported by the German Ministry

of Science and Education (BMBF) via the projects Frag2Xtal

(No. 05K13RM1) and Frag4Lead (No. 05K16RM1), as well as

by iNEXT-Discovery, project No. 871037, funded by the

Horizon 2020 program of the European Commission, the

German Research Foundation (DFG) via the project

NECESSITY (FE2166/1-1) and the German Academic

Exchange Service (DAAD) via the project CFS-Pipeline

(57654470). Gert Weber acknowledges funding received

within the Initiative and Networking Fund of the Helmholtz

Association within the frame of the ‘Helmholtz Sustainability

Challenge’ project FINEST and the satellite project PUre-

Value, under grant agreement Nos. KA2-HSC-10 and KA-

HSC-13, respectively, and funding received within the frame

of the Transfer Campaign for the project PHYCOLOR under

grant agreement KA-TVP-55.

References

Arnal, G., Anglade, J., Gavalda, S., Tournier, V., Chabot, N., Born-
scheuer, U. T., Weber, G. & Marty, A. (2023). ACS Catal. 13, 13156–
13166.

Barthel, T., Benz, L., Basler, Y., Crosskey, T., Dillmann, A., Förster,
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