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ABSTRACT
Crystallographic fragment screening (CFS) has recently matured into an important method for the early stages of drug discovery

projects. It is based on high‐throughput structure determination and thus requires a high degree of automation as well as

specialized workflows and robust analysis tools. Consequently, large‐scale research facilities such as synchrotrons have em-

braced the method, and developed platforms to perform CFS campaigns with the help of crystallography experts and specific

tools. The BESSY II synchrotron, operated by the Helmholtz–Zentrum Berlin (HZB), is one of these synchrotron facilities that

offer a CFS platform, named the F2X‐facility. Here, the specialized F2X workflow is described along with the relevant dif-

ferences to other existing CFS platforms, and the ongoing developments aimed at supporting users of the facility. The different

stages of a CFS campaign including requirements, beamline capabilities, and the software environment are detailed and

explained. A unique F2X‐GO kit is featured, which allows users the possibility of performing all sample preparation in their

home laboratories. Furthermore, at the HZB a computational workflow has been built to support users beyond the hit

identification stage. The advantages of the F2X‐facility at HZB are described and references are provided to successfully

conduct CFS.

1 | Introduction

The development of a new drug often comprises a decade‐long
journey with several distinct phases. After target selection, the
initial phase in the process involves the discovery of chemical
structures binding to the target, the so‐called starting points.
Currently, there are two prominent ways to identify starting

points for drug development: high‐throughput screening (HTS)
and fragment screening (FS). HTS entails the screening for
larger, drug‐like molecules (~500 Da) [1], while FS involves
screening of smaller, fragment‐sized (~300 Da) molecules [2].
Fragments are weak binders with affinities typically in the
higher micromolar to millimolar range [2]. Their weak binding
affinity is outweighed by the manifold advantages they offer as
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screening probes. Due to their small size, fewer molecules are
needed to sample chemical space compared to using drug‐like
molecules [3]. Therefore, while screening hundreds to thou-
sands of fragments is adequate for a single campaign, a HTS
campaign may well entail the screening of millions of com-
pounds [4]. Additionally, fragments engage in higher quality
interactions with the protein surface, as their lower complexity
allows them to avoid unfavorable structural motifs (Figure 1). It
has been shown over the last years that FS is indeed a very
promising method, with seven fragment‐based FDA‐approved
drugs being already in the market and several more in clinical
phases I–III ([5, 6] edition). These drugs address diverse protein
targets, for example, protein–protein interactions, enzymes, and
signaling proteins that have been thought to be undruggable
before [7–10].

Weakly binding fragments may be identified using several
biophysical methods. Prominent methods here are nuclear
magnetic resonance (NMR), X‐ray crystallography, and surface
plasmon resonance (SPR). Of these, only X‐ray crystallography
enables the immediate recognition of the fragment's binding
site and pose. Furthermore, crystallographic fragment screening
(CFS) has been demonstrated to be particularly efficient in
identifying fragments bound to a protein target [11]. In addi-
tion, CFS is not only interesting for drug identification, but also
as a basic research tool. It has been shown that fragments are
able to recognize interesting functional surface areas on pro-
teins that might hint towards putative PPI sites, allosteric sites,
or other biologically relevant binding sites [12–15]. Thus, even
when the protein target characteristics are not fully understood,
conducting a CFS campaign can be beneficial in obtaining

initial insights into potential target sites for future tool com-
pounds or drug candidates.

During the last years, CFS has transformed into a high‐
throughput method owing to improvements in modern syn-
chrotrons facilities, robot‐assisted sample mounting, and fast
read‐out detectors [16, 17]. Based on these advances, CFS has
gained quite high popularity among various scientific commu-
nities. However, as CFS experiments require working with
hundreds to thousands of crystals, a specialized workflow and
knowledge are needed for successful CFS campaigns. Several
platforms at different synchrotron sites are currently available,
for example, XChem at the Diamond Light Source [18], Frag-
MAX at MAX IV [19], FFCS at Swiss Light Source [20], the fully
automated FS platform at ESRF [21–23], the HiPhaX beamline
at DESY for compound screening (P09 HiPhaX) [24] and the
F2X‐facility at BESSY II [25]. At BESSY II (Helmholtz‐Zentrum
Berlin, HZB), the Macromolecular Crystallography group
operates three beamlines, with two beamlines in use for stan-
dard experiments and regular CFS campaigns, and one beam-
line for room‐temperature experiments [26]. The F2X‐platform
there has been developed over the last 12 years with the goal to
make CFS at BESSY II a straightforward and rapid process
where external users are supported from final crystal optimi-
zation steps until the first optimization rounds of hit‐to‐lead
development.

2 | The CFS Workflow

In general, CFS campaigns can be divided into six steps
(Figure 2):

1. Preparation of the CFS campaign

FIGURE 1 | Comparison of fragment screening (FS) and high‐
throughput screening (HTS). Fragment‐sized structural features are

shown as different shapes and are colored accordingly. The protein

surface is shown in gray with indentations for possible interactions with

molecules. In the case of FS, given that the correct structural features

are present, fragments fit well to surface pockets of the protein without

introducing unfavorable interactions. In case of HTS, the screening

compounds are larger and contain several structural features. Conse-

quently, it is necessary to screen significantly more compounds to find a

candidate that fits all present indentations on a protein surface without

introducing unfavorable interactions.

FIGURE 2 | Overview of the CFS campaign steps at the HZB

BESSY II F2X‐facility. First, users will optimize their sample and choose

a fragment library to screen. Afterward, the sample is prepared, and

data are collected and analyzed. Next, the hits are identified, and the

user can either take this information and data to their home lab and

continue with hit‐to‐lead development or they can use the Frag4Lead

workflow to apply the “growing by catalog” approach to find follow‐up
compounds and validate them via X‐ray crystallography. This optimi-

zation of fragment‐sized hits to higher affinity binders can be repeated

until the user can continue with their own optimization approaches.
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2. Optimization of the CFS parameters

3. Crystal soaking

4. Crystal harvesting

5. Data collection

6. Data analysis.

In the following chapters, each of these steps as they are han-
dled at the F2X‐facility will be described in more detail and tips
are given as to how novice CFS users are best supported.
Additionally, the fragment optimization as provided will be
discussed.

3 | Preparation of a CFS Campaign

A requirement for embarking on a CFS campaign at HZB is
the availability of an optimized crystal system that allows the
reliable production of several hundred crystals, which dif-
fract to better than 2.5 Å resolution. These crystals should be
of sufficient size of 50 µm or larger. Additionally, it is
advantageous if several crystals appear per crystallization
drop. Since only 1–2 crystals will be exposed to one fragment,
it is imperative that each crystal possesses a high level of
diffraction quality. A system which produces only one high‐
diffracting crystal out of 10 crystals, or yields crystals with
similar morphology but varying space groups, does not
qualify for CFS. These requirements are typical across the
various CFS platforms at synchrotron facilities. Additionally,
the crystals should take no longer than 2 weeks to grow, to
keep the logistical effort manageable. Additionally, suitable
crystal packing is crucial for a successful CFS campaign
[27–29]. The users should investigate their crystal system for
accessibility of their target sites and the size of their solvent
channels, for example using the recently published LifeSoaks
tool [30].

Concerning the cryoprotection of crystals, it is best practice to
test different cryoprotectants at different concentrations to
assure high‐quality diffraction. This is not a strict requirement
but should be considered by the user to achieve the highest
quality diffraction data. Additionally, it should be tested how
the crystals can be harvested optimally, for example, whether
crystals can be scooped up by a loop to minimize surrounding
solution, or whether they need to be harvested with more sur-
rounding solution for optimal diffraction quality.

When these requirements are met, users can apply for a CFS
campaign via a beamtime proposal through the user platform
GATE (https://www.helmholtz-berlin.de/pubbin/hzbgate). After
approval, the users will meet with one of the CFS user support at
the F2X‐facility and have three options to choose from. They can
send protein to HZB and on‐site user support will reproduce the
crystallization, or they bring the crystals in the crystallization plate
themselves to HZB, or they choose the F2X‐GO option and pre-
pare the samples in their home lab. After the crystallization option
of choice has been established, beamtimes will be organized for
further soaking optimization if needed and for the data collection
of the CFS samples itself.

4 | Optimization of CFS Parameters

During the optimization process, several parameters will be
tested to design a robust soaking experiment and data collec-
tion. Ideally, the soaking experiment should not impair crystal
quality, that is, the average resolution and quality indicator
values. In case of the soaking optimization, soaking times will
be tested, different percentages of DMSO will be tried, and an
increase in the buffer concentration and soaking in a cryo‐
protected solution will be tested. Longer soaking times will lead
to a more comfortable and practical handling of crystals. For
example, if overnight soaking is established, 1 day can be used
exclusively for soaking and the next day for harvesting. The
DMSO content will increase solubility of fragments and thus the
final concentration of the fragments during soaking [31].
However, the presence of DMSO is not a strict requirement if
our F2X‐libraries are chosen for the CFS campaign [32] since all
compounds have a high predicted solubility in water. In this
case, the buffer concentration is increased to counteract possi-
ble pH shifts due to acidic or basic fragments dissolving in the
soaking solution. Soaking in a cryo‐protected solution will
decrease the number of crystal transfer steps. It is also necessary
to check the crystallographic data after performing the soaking
experiment for any twinning, translational noncrystallographic
symmetry (tNCS), space group ambiguity, or other special cases.
Such data might lead to cumbersome and prolonged data
analysis. Ideally, overnight soaking in about 5%–15% (v/v)
DMSO with 100–300mM of buffer component and cryo‐
protectant should be possible for the CFS campaign. The
increased buffer concentration is important for maintaining the
pH of the soaking solution in presence of high fragment
concentration.

Depending on the space group, an optimized data collection
routine can be established for the CFS campaign to result in
complete data with minimal measurement time and exposure.
Based on the user's experience of their crystal system a fixed
detector distance is chosen. Test or characterization images are
typically not collected.

5 | Crystal Handling and Data Management

The soaking and harvesting procedure for CFS campaigns at
HZB has been extensively described in our publication in the
Journal of Visualized Experiments [25]. In summary, a fragment
plate will be provided with dried‐on fragments on an MRC 3‐lens
96‐well low‐profile plate. Forty microliters of soaking solution is
added to the reservoir and 0.4 µL of the same soaking solution is
added to the dried‐on fragment. Per fragment, two crystals are
then transferred from the crystal plate to the fragment plate.
After the successful transfer of all crystals, the plate is sealed and
incubated overnight at 20°C. The next day the crystals are har-
vested into unipucks and directly measured at the beamline or
stored for the upcoming beamtime.

The special features of the crystal handling step in the CFS
workflow at HZB are the high fragment concentrations used for
soaking and the possibility to soak without the addition of
organic solvents such as DMSO. High concentrations are
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achieved by dissolving the dried‐on fragments in small volumes
of the soaking solution and transferring the crystal into the
soaking drop. Through such reconstitution of dried‐on frag-
ments it is possible to achieve high fragment concentrations (up
to 100mM if 0.4 µL drops are used), since the fragments can
dissolve to concentrations up to their solubility limit in the
specific soaking solution, independent of the presence of
organic solvent. At other synchrotron sites fragments are
transferred as small droplets from their organic solvent stock
onto the crystal drops for soaking [18, 20]. This is a fast way of
preparing fragment‐soaked crystals, though it makes the frag-
ment concentration dependent on the organic solvent content.
If the protein crystals cannot tolerate organic solvents well, the
achievable fragment concentration is reduced, or the campaign
is not feasible at all.

The crystal handling is performed with the EasyAccess Frame
[33] and is recorded via a tracking sheet provided by the CFS
facility [25]. The EasyAccess Frame acts as an evaporation
protection lid on a typical crystallization plate. This means that
the crystallization foil can be removed completely from the
plate. The EasyAccess Frame is then placed on the plate and
cumbersome cutting through foil to open wells and resealing
them is avoided. The big advantage of moving crystals from the
crystallization plate to the soaking plate is that the use of
crystals is more efficient. This comes at the expense of being
slightly more manual than when the Crystal Shifter [34] or the
CrystalDirect system [22, 23] is used. In comparison to the
Crystal Shifter, the EasyAccess Frame allows more flexibility in
handling protein crystals. As the device is very small and
transportable it can be moved between microscopes, and the
plate with the EasyAccess Frame on top can be rotated under
the microscope to change the angle of the sample loop entering
the soaking drop. Based on our previous experience, it is pos-
sible to handle up to 70 crystals per hour with the EasyAccess
Frame. A comparison of the features of each device are given in
Table 1.

The soaking drops will have varying appearances, depending on
the solubility of the fragment in the soaking solution and the
influence of the fragment on the crystal integrity. However,
based on several CFS campaigns performed at HZB, even if this
has changed after soaking, a decision on the diffraction quality
based on the crystal morphology is not recommended. Each
crystal that can still be harvested should be harvested.

Data collection is then performed either at BL14.1 or BL14.2
[26]. To achieve maximum data completeness in the minimum
amount of time, the same data collection strategy is applied to

all crystals. This standard strategy is based on data collections of
crystals soaked in soaking buffer but without fragment, which
were performed before the actual CFS campaign. The detector
distance is determined based on the highest achievable resolu-
tion of the crystal system and the rotation range is determined
based on the space group of the crystal. These parameters will
then remain fixed for all data collections of the campaign. This
way, up to 240 samples can be measured in 24 h. All informa-
tion following the data collection is then tracked in FragMAX-
app [19], which allows for easy automatic processing, automatic
refinement, and semi‐automated hit identification via PanDDA
[35]. The big progress provided by the development of PanDDA
is that lower occupancy ligands can be identified in the ligand
complex structures. While traditional difference electron den-
sity maps may show the ligands weakly or not at all, the
PanDDA event map may still provide statistically significant
evidence for the presence of the ligand [36, 37]. The inspection
of the event map by an experienced crystallographer constitutes
typically the end of a CFS campaign at HZB. It is of course clear
that following the CFS campaign, refinement may be attempted
to improve the overall structure, binding of the fragments may
be further validated, and larger fragment analogs may be tested
for binding. These steps are typically left to the users. The
complete workflow of sample preparation, data collection, and
data analysis as described here typically takes about 1–2 weeks.

6 | F2X‐GO

At all synchrotrons offering a CFS platform, the usual approach
is to send a protein sample to the facility, and crystallization is
repeated on site along with soaking, crystal harvesting, and data
collection. For this to work, it is vital that crystallization can be
established on site at the facility. This is not a trivial endeavor
and can often lead to lower‐quality crystals or no crystal growth
at all. Additionally, establishing crystallization on site of the
facility can substantially increase the timeline of the campaign.
It can also be the case that the protein sample needs special
requirements like an anaerobic environment that cannot be
guaranteed at the synchrotron site. Further, there might be
travel restrictions as during the SARS‐CoV‐2 pandemic which
prevents scientists traveling to the synchrotron site for soaking
and harvesting experiments. To tackle such challenges, at HZB
we developed the F2X‐GO kit which includes all necessary tools
to perform all CFS steps before the actual data collection in the
user's home laboratory [25] (Figure 3).

The fragment libraries offered for CFS campaigns at HZB are
the F2X‐Entry Screen (96 fragments) as an easy start for new

TABLE 1 | Comparison of crystal handling devices.

Crystal Shifter CrystalDirect EasyAccess Frame

Manual harvesting Yes No Yes

Specific plate type No Yes Yes

Cryo‐cooling with solution Yes No Yes

Transportable No No Yes

Size Medium Large Small

Price High Very high Low
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CFS users and new projects, and the F2X‐Universal Library
(1103 fragments) for more advanced users and projects [32].
The F2X fragments are presented as dried‐on fragments on
MRC‐3 96‐well 3‐lens low‐profile plates. In each well only one
fragment is presented. The fragments are then dissolved in a
soaking solution, and crystals are transferred from the crystal-
lization drop into the soaking drop. Co‐crystallization can also
be performed but might result in deformed crystal growth or no
growth, making soaking the preferred option. This soaking
plate can be shipped to other sites and has the advantage that
no expensive and specialized machinery is necessary for crystal
transfer onto this plate. To speed up crystal transfer and har-
vesting, another tool, the EasyAccess Frame, is shipped to the
user as well [33]. This tool acts as a lid to protect crystal drops
from evaporation during crystal manipulation. The EasyAccess
Frame is lightweight and small, allowing easy shipment, and
prevents evaporation for up to 6 h for most solutions. Addi-
tionally, as most academic groups will not have hundreds of
loops in the same size available, an appropriate number of loops
in inhouse‐developed storage racks will be sent to them. Also
provided are the necessary unipucks, transport dewar, and
unipuck tools. The respective user support for CFS campaigns
will be available remotely to answer any questions. Addition-
ally, a detailed step‐by‐step explanation in the Journal of
Visualized Experiments is available, which will help users to
perform the experiments on their own [25].

The F2X‐GO kit is available for all CFS users. It can be re-
quested initially or be shipped in case crystallization on site did
not result in useful crystal growth.

6.1 | Beamlines and IT Infrastructure at HZB

The MX‐group at BESSY II operates two high‐throughput
beamlines (BL 14.1 and BL 14.2) suitable for CFS campaigns
and one beamline (BL 14.3) that offers the option for more
specialized experiments [26] (Figure 4). The specific char-
acteristics of each beamline are shown in Table 2.

BL 14.1 is a variable‐wavelength beamline, and it is equipped
with a mini‐kappa goniometer, which is particularly helpful for
low‐symmetry space groups or large unit cells. It can hold up to
144 samples in the unipuck system, so that during the mea-
surement of a CFS campaign with redundant data collection for
the F2X‐Entry Screen, the samples would need to be exchanged
only once. It is also possible to perform an energy‐scan and
select smaller beam sizes if needed.

BL 14.2 is also a variable‐wavelength beamline and allows
performing energy‐scans. The recently installed ISARA2
sample dewar holds up to 464 samples in the unipuck system,
allowing the collection of a full CFS campaign with redun-
dant data collection for the F2X‐Entry Screen. It is also fea-
sible to collect data of light‐sensitive samples at this
beamline.

BL 14.3 is typically not utilized during CFS campaigns but
offers the unique possibility to perform dehydration experi-
ments and room‐temperature experiments. Therefore, it can
be used in the early stages of establishing a crystal system for
CFS campaigns and for further analysis of bound fragments

FIGURE 3 | The equipment when choosing the F2X‐GO option is shown. All required equipment will be shipped to the user. It includes the

ready‐to‐use soaking plate(s) either of the F2X‐Entry Screen or of the F2X‐Universal Library. The fragments are dried on the 96‐well plate(s) without
any disturbance even during transportation at room temperature. The EasyAccess Frame is also included if the user does not have one. Additionally,

about 300 mounting loops in the appropriate sizes are included in the package. Inhouse developed loop racks secure the loops during travel. The

necessary number of unipucks, unipuck tools, and dry shippers are sent to the user in case they do not have this equipment themselves.
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like room‐temperature data collection. The installed dehy-
dration device allows cryoprotectant‐less cryo‐cooling of
crystals.

All diffraction data arriving from the beamlines are trans-
ferred via private 10 GB‐LX ethernet uplink to a dedicated
HP‐DL380GEN10 file server. From there, all data are
transferred to the HZB unified experimental data storage
SAN‐system, which uses a HUAWEI Dorado 8000 v6. The
MX group has currently a total of 100 TB storage capacity
share dedicated for FS only, which can be expanded on
demand.

For interactive data processing, each beamline has a dedicated
Apple MAC studio ULTRA M1/M2 machine, which allows for
extremely fast manual XDS‐based diffraction data processing
using XDSAPP [38]. In parallel, all incoming diffraction datasets
are processed automatically via XDSAPP, and the results are
presented to beamline users 10 to 15min after data collection
finished.

Our FragMAXapp [39] installation runs on a HP‐DL580GEN10
compute server, which is equipped with 96 Intel XEON Plati-
num CPUs and has 790 GB RAM as well as several 10 GB‐LX
and SAN‐interfaces connecting to all required experimental and
metadata storage nodes.

6.2 | Software for CFS

To enable a fast data analysis of hundreds to thousands of da-
tasets and track the data quality during data collection, all data
is automatically processed via XDSAPP 3.1 running in com-
mand line mode [38]. It is based on XDS [40] and determines
the most probable space group through three cycles of inte-
gration based on a POINTLESS analysis. Thus, it has an inte-
grated decision‐making capability and cuts the resolution of a
data set automatically based on the CC1/2 value at a correlation
significance level of 0.1% (t‐test). The current version of
XDSAPP 3.1 runs on Python 3.7 and newer, PyQt5 and mat-
plotlib. The command line version runs fully independently on
PyQt5 and matplotlib. XDS plugins are available to process
EIGER data, namely dectris‐neggia (Dectris) and durin‐plugin
(Diamond Light Source). An additional results file is created in
cif format with entries according to PDBx/mmCIF standards. In
the case of troublesome datasets, it is possible to process data
manually via a user‐friendly GUI, which allows tracking of the
program through each integration cycle by observing plots like
no. of rejected spots in each frame. All logfiles can be loaded in
the GUI and the settings can be changed if needed. However, in
CFS campaigns, processing is often straightforward, therefore
manual processing is usually not necessary. XDSAPP is acces-
sible for users via https://www.helmholtz-berlin.de/xdsapp.

The next step of automatic refinement performed at the
F2X‐facility is mainly via fspipeline [41]. The program runs
only in a command line mode with an input model provided
by the users and the mtz files from data processing. The
pipeline utilizes the PHENIX package [42] and Coot [43].
Before refinement starts, if a twin law is found then phe-
nix.xtriage is run to look for twin laws for the subsequent
steps. Only one twin law can be used by PHENIX, thus if
more are found a warning is issued and no twin law is used.
Next, the input model is prepared for refinement. To this
end, fspipeline determines the protein sequence and the
space group of the input model, then removes any waters,
ligands, and hydrogen atoms and sets the thermal
displacement parameters to isotropic values with limited
spread around the average B factor to avoid bias from
extreme values. Additionally, if not given by the user, TLS
groups are determined via phenix.find_tls_groups. After-
ward, all mtz files in the underlying directories are located,
except for directories that include the name “fspipeline.”

FIGURE 4 | Photos of the three beamlines operated by the macro-

molecular crystallography group at HZB.
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This exception allows fspipeline to be run several times in
the same directory with different options if needed. Only
data with a resolution better than 3.5 Å are considered for
refinement. In the first refinement step, either a rigid body
refinement or molecular replacement are performed. For
this decision, fspipeline checks whether the input mtz and
pdb files contain the same space group and similar cell
parameters. If they match, a rigid body refinement is
performed. In case they do not match, molecular replace-
ment is performed. Additionally, if after the rigid body
refinement, the Rwork value is above 40% molecular
replacement is performed automatically. A full molecular
replacement can be performed from the start by giving the
option mr=True. The next step, so‐called “initial refine-
ment” includes a standard coordinate and isotropic atomic
displacement parameter (ADP, B factor) refinement. Addi-
tionally, simulated annealing can be performed during this
step but is skipped as default. Afterwards, a TLS refinement
is performed. During the next step, Coot [43] in the com-
mand line mode is used to place water molecules while
ignoring electron density features that represent larger
molecules. The water molecule addition can also be done via
PHENIX with the option water=phenix. The following
refinement step depends on the resolution of the data. In
case the resolution is better than 1.6 Å, anisotropic ADP
refinement of the protein and anisotropic ADP refinement
of the water molecules is tested. If the final Rwork and Rfree

are lowered by at least 0.5%, anisotropic refinement is kept
for the next refinement steps. A further refinement is per-
formed with the addition of hydrogen atoms to the protein.
In the default case that Coot is used for water addition, a
final refinement is done with a second water addition and
check cycle. Fspipeline decides that the next step is the last
refinement step if the improvement of the Rwork is less than
0.5% from the previous refinement. The output of fspipeline
includes the final pdb file, final mtz file, and a log file.
Additionally, each refinement step is tracked in individual
directories with the respective pdb file, mtz file, log file,
and python script. An overview of refinement statistics for
each data set during one fspipeline run are given in the
results.html.

The output of fspipeline can then be transferred to PanDDA
for hit identification [35]. PanDDA utilizes the complete
CFS data set made up of hundreds to thousands of datasets
and identifies weak binding fragments. As PanDDA needs
homogenous data for successful employment, another pro-
gram called cluster4x can be used to identify clusters based
on Cα positions or amplitudes [44]. In this way, cluster4x
can help to remove outliers from the CFS data set or split it
into more homogenous parts [14].

All programs (except for cluster4x) and several more like
dials [45] and dimple [46] are incorporated in a specialized

TABLE 2 | Characteristics of the HZB‐MX beamlines.

BL14.1 BL14.2 BL14.3

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

Photon flux at sample
(Phot/
s × 100 mA× 0.05% BW)

1.6 × 1011

(at ʎ= 0.92 Å)
1.5 × 1011

(at ʎ= 0.92 Å)
2.3 × 1010

Energy resolution (eV) < 2 < 2 < 5

Beam size (µm diameter) 50–100 100 50−200

Goniometer MD2‐microdiffractometer
with MK3

Nanodiffractometer MD2S‐microdiffractometer
with MK3

X‐ray detector PILATUS3 S 6Ma PILATUS3 S 2M PILATUS2 6Ma

Sample mounting CATS robot ISARA2 robot Manual

No. of samples in sample
dewar

144 Unipuck 464 Unipuck —

Exposure times (s/°) 0.4–10b 0.4–10 0.9–20
Detector distance
range (mm)

140−649 57−800 110−501

Achievable resolution (Å) 0.84 0.71 0.85

Maximum unit cell
length (Å)

600 (dmin = 2.0 Å) 400 (dmin = 2.0 Å) 600 (dmin = 2.0 Å)

Special equipment and
operations

• Crystal annealing

• UV‐pulsed laser for
UV‐RIP

• Long wavelength and atomic
resolution data collection

• adjustable ambient light
environment for light
sensitive samples

• RT data collection

• Controlled dehydration

• REX nozzle exchanger

Note: For each beamline typical parameters are given with the information of special equipment available at the beamlines.
aDetector at BL14.1 will be exchanged for a PILATUS3 × 6M from BL14.1 will be moved to BL14.3 and replace PILATUS2 6M detector.
bAfter the detector exchange the possible exposure times will be 0.1−10.
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web‐based data management platform called FragMAXapp
[39]. This user‐friendly platform is used to streamline auto‐
processing, auto‐refinement, and hit identification. It
greatly simplifies tracking CFS data and makes it easy for
users to start processing jobs and to investigate the results.
This platform has been developed at MAX IV with input by
HZB and is maintained at MAX IV. FragMAXapp does not
need to be installed by the user—projects can simply be set
up with minimal input using the web‐based platform, which
can also be done remotely, allowing the user to handle their
data as they see fit. Other synchrotron sites have their own
development to help with data management like XChe-
mExplorer at Diamond Light Source [47] or HEIDI at Swiss
Light Source [48].

6.3 | Support Beyond the CFS Campaign

In a typical CFS campaign, the identification of the hits is the
last step of the campaign. Following that, the users need to find
ways to optimize their fragment hits. As this can be especially
challenging for academic groups without ready access to
medicinal chemistry expertise, a computational platform called
Frag4Lead was established to support users in their first steps of
fragment optimization [49] (Figure 5). The Frag4Lead workflow
applies the “growing by catalog” approach for fragment hits,
considering one fragment at a time. It has been built using
KNIME [50] to streamline the computational steps. It is conse-
quently rather easy to manipulate the input parameters without
much programming knowledge. Since the publication, the
Frag4Lead workflow has been adapted in several places to
increase success rates. The new Frag4Lead2 workflow incorpo-
rates the program SeeSAR by BioSolveIT [51]. The user provides
a pdb structure of their hit binding to the protein. The workflow
will then prepare the ligand and protein for template‐based
docking and perform a substructure search automatically in
MolPort (Molport Website) [52] and Chemspace (Chemspace
Website) [53]. To increase successful identification of promising
follow‐up compounds we use SpaceMACS [54] to search in
larger make‐on‐demand spaces like the ENAMINE REAL space
(REAL Space ‐ Enamine) [55]. This substructure search per-
formed via SpaceMACS can be inserted into the workflow and
be filtered by Lipinski's rule‐of‐5 [56] and known pan‐assay
interference compounds (PAINS) [57–59]. The user will then be
asked to define the binding site for the docking program FlexX
[60]. The prepared ligand, protein structure, and list of super-
structures is then fed into FlexX for template‐based docking.
Afterward, the list of docking poses is filtered, as described
previously [49], to a smaller list of promising docking poses. The
final step is a rescoring via the program HYDE [61] and further
filtering for HYDE‐specific output like estimated affinity, torsion
angles, and clashes. The output is a SeeSAR session which will
then be investigated by the user in SeeSAR. This way we can
conduct multiple rounds of docking and searching commercially
available compound spaces to arrive at a higher affinity binder
before engaging medicinal chemists for further optimization.

Other CFS platforms often do not support further steps after the
CFS campaign. At Diamond Light Source it is possible to run
the Fragalysis program (Fragalysis @ Diamond) [62]. It allows

the user to visualize their fragment hits and investigate their
binding mode. It also includes the Astex Fragment Network
[63], which helps users to perform SAR studies. Another pro-
gram they developed is called Fragmenstein (GitHub—
matteoferla/Fragmenstein) [64]. This program allows users to
perform merging and linking of their fragment hits. However,
so far it does not include synthetic tractability. The Frag4Lead2
workflow also does not work with synthetic tractability but
focuses on commercially available and made‐on‐demand com-
pounds. In the case that linking and merging ideas come up
after a CFS campaign the Frag4Lead2 workflow can also be
used to search for similar compounds that are commercially
available based on the merging or linking idea. This way the
users can find promising compounds to reach a lead structure.

7 | Conclusion

The CFS platform F2X‐facility at HZB enables academic and
industrial users to perform efficient CFS campaigns. Support to
users is provided from the initial improvement of their crystal
system through the first stages of optimizing their fragment
hits. While the CFS workflow at HZB is slightly slower

FIGURE 5 | Schematic overview of the computational KNIME

workflow (Frag4Lead2). The applied software is indicated via the logo

and inside the fields to indicate which step is covered by which soft-

ware. User input is only needed to load a protein structure with the

fragment bound and during the binding site definition in BioSolveIT

SeeSAR (fields in lighter blue). The other steps of the workflow will be

done automatically or with minimal input by the user support. The

chemical space search can in most parts be done via KNIME APIs

(ChemSPACE, MolPort), but it is also possible to load lists of com-

pounds into the workflow (ENAMINE). The docking and scoring are

performed with BioSolveIT Software. The output is handed back to

the user.
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compared to other synchrotrons with CFS platforms, due to the
difference in sample preparation and the lower photon flux of
the synchrotron, the benefits of the F2X‐facility include: (1)
enhanced soaking concentration by transferring a crystal to a
soaking drop, potentially leading to higher hit rates; (2) organic
solvent‐independent soaking; (3) the flexibility to conduct
sample preparation in the user's laboratory with the F2X‐GO
option; (4) additional assistance during the initial stages of hit‐
to‐lead optimization. This comprehensive workflow allows us to
assist our users throughout their entire CFS campaign, ex-
tending far beyond hit identification.
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