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Synopsis 

In the coming years, crystallographic fragment screening campaigns will deliver massive amounts 
of data and challenge existing practices and resources. We explore options for how best to 
preserve these data for the community to support further research and developments. 
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Abstract 

Fragment screening by crystallography has recently skyrocketed. Multiple synchrotrons have built 
specialized screening platforms, established workflows, and assembled compound libraries. 
Crystallographic fragment screening is now widely accessible to groups that had previously not 
considered the approach. While hundreds of crystallographic fragment-screening campaigns 
have been conducted in the last few years, most of the underlying data have neither been 
published nor made publicly accessible. This perspective highlights the importance of establishing 
effective mechanisms for preserving large and often heterogeneous groups of datasets intrinsic 
to crystallographic fragment-screening campaigns, thereby ensuring their accessibility for 
advancing research and enabling applications such as training AI-based models. 

 

Text 

Crystallographic fragment screening in drug discovery. 

The discovery of small organic molecules that bind to a macromolecular target is one of the first 
steps in drug discovery. For decades, the dominant approach has been high-throughput screening 
(HTS) using hundreds of thousands of drug-sized molecules1. Nearly 30 years ago, Shuker and 
colleagues2 demonstrated that NMR could be used to identify smaller molecules called fragments 
(molecules with a molecular weight of typically less than 300 Da or consisting of less than 23 non-
hydrogen atoms) that bind weakly but efficiently to a target. Because the number of possible small 
molecules grows exponentially with the number of heavy atoms, screening small libraries of 
fragments is a much more efficient means of exploring chemical space3,4. 

A few years later X-ray crystallography was used for the first time as the primary screening method 
to identify fragment binders5. Following that, several papers heralded high-throughput X-ray 
crystallography as a starting point for drug discovery6,7,8,9,10,11. At that time, these developments 
were primarily driven by industry, with new companies such as Astex Therapeutics and SGX 
Pharmaceuticals, Inc. leading the way.  

There were two limitations, however. The first was that X-ray crystallography was nowhere near 
as rapid as it is today. To efficiently screen hundreds, let alone thousands of fragments by X-ray 
crystallography required cocktails (i.e., mixtures of up to ten structurally dissimilar fragments). 
Compound cocktails, however, have the great disadvantage that the concentration of the 
individual components in the mixture can not be as high as one might like and that individual 
components need to be unambiguously identified in electron density maps. Moreover, if one 
cocktail component destroys the crystal packing, possible binding information for the remaining 
components would be lost. Because of these throughput limitations, X-ray crystallography was 
often relegated to a confirmatory step after higher-throughput biophysical screening methods, 
such as NMR, SPR, TSA, or MST.  

The second limitation was that academic researchers did not initially embrace these new 
developments, perhaps because of the resources required. Consequently, it fell to the private 
sector to develop the method further and prove its value for discovering drug leads and chemical 
probes12. 

In retrospect, this is surprising. Due to their lower complexity, fragments often engage in higher-
quality interactions with their target than do larger molecules (see Figure 2 in de Souza Neto et 
al., 2020)13. At the same time, negative or suboptimal interactions are more easily avoided. Even 
though fragments often bind weakly only due to their small size, optimization strategies such as 
growing fragments, merging fragments, or linking two or more fragments (see Figure 3 in de 
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Souza-Neto et al., 2020)13 can improve the binding affinity substantially, as was proposed more 
than 40 years ago14. 

By the mid-2010s, the situation had changed. Developments at synchrotron radiation sources, 
including beamline instrumentation, pixel array detectors, sample-handling robotics, and software 
for data processing and structure determination made it possible to collect an entire data set from 
a single crystal in seconds or minutes thereby increasing daily throughput from a few dozen to 
several hundred data sets15,16,17.  

Biophysical methods versus X-ray crystallography in fragment screening. 

At about the same time as crystallographic data collection throughput was increasing, there was 
growing recognition that biophysical methods used for pre-screening often proved to be 
suboptimal. An important paper by Schiebel and colleagues18 compared seven methods, 
including NMR and X-ray crystallography, to assess the binding of 361 fragments to 
endothiapepsin. Surprisingly, the overlap among all seven methods was zero, meaning that no 
single method could detect all possible fragment hits. Schiebel and colleagues18 also concluded 
that any biophysical method used to pre-screen before crystallography would lead to a loss of 
potential hits, bolstering the case for “crystallography first.” A second and equally important 
argument for “crystallography first” is the wealth of structural information one can obtain about the 
fragment binding site and its binding pose, directly informing and enabling downstream medicinal 
chemistry optimization strategies. Indeed, a 2019 paper noted that more than a third of 
researchers would not even begin optimizing fragments without crystallographic information19. If 
anything, this number has only grown20. Technology development groups at synchrotrons seized 
this opportunity and established workflows and procedures for screening libraries of up to 1,000 
fragments and offered access to academic and industrial user communities21,22,23,24,25,26,27. 

Crystallographic fragment-screening facilities at synchrotrons worldwide. 

At present, more than ten major synchrotrons around the globe have installed or are about to 
install a fragment-screening facility with a dedicated workflow (Table 1). While Europe is clearly 
ahead with six facilities, other parts of the world are ramping up similar developments. In terms 
of crystallographic throughput, the UK-based XChem facility located at the Diamond Light 
Source23,27 is currently the leader, having been responsible for more than 50% of all 
crystallographic fragment-screening campaigns worldwide disclosed publicly to date. Somewhat 
surprising is the low level of activity at synchrotron radiation sources in North America. While one 
of us (JSF) has developed a facility in his UCSF lab, synchrotron-based facilities, which would 
offer access to and could support a large user community, are mostly lacking, except for the facility 
currently being developed at NSLS-II28. 

Already today, at least 150 crystallographic fragment-screening campaigns are conducted 
annually by the academic and industrial users of various facilities. Once all the facilities 
enumerated in Table 1 are operating at full capacity, the annual number could easily increase to 
1,000 campaigns or more. Assuming 1,000 compounds per campaign, this level of utilization 
would translate into 106 individual diffraction data sets, and assuming a not-unreasonable 10% 
fragment hit rate, fragment screening alone would yield 105 individual protein-ligand structures 
every year. Additionally, even the unliganded structures may be valuable and worth depositing, 
for example, in establishing background electron densities for automatic data processing and hit-
finding tools such as the pan-dataset density analysis approach PanDDA29, as discussed below. 

What happens with all these fragment-screening data?  

Most reputable scientific journals have established data-sharing requirements for publication of a 
new macromolecular X-ray crystal structure. Atomic coordinates must be deposited to the Protein 
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Data Bank or PDB30, together with experimentally determined structure factor amplitudes. Upon 
submission of the manuscript to a journal, the official Worldwide Protein Data Bank (wwPDB) 
Validation Report must frequently be submitted along with the manuscript, together with proof of 
submitting the relevant data to the PDB. The purpose of this requirement is to enable anyone to 
examine the evidence that the deposited atomic coordinates are supported by the underlying 
experimental data. These procedures were originally implemented in response to community 
requests and are now well established and work to the benefit of data producers, journals, 
manuscript referees, and PDB data consumers. Indeed, PDB data are so robust that they have 
been used to train artificial intelligence/machine-learning methods for predicting protein structures 
based on amino acid sequences with an accuracy comparable to that of experimental methods31. 
No one could have foreseen this opportunity when the PDB was established in 1971, 
demonstrating that vast quantities of high-quality scientific data can underpin important advances 
and enable unexpected breakthroughs. 

The success of rigorous validation and expert biocuration of 3D biostructure data is also 
evidenced by PDB growth statistics. Of the nearly 230,000 macromolecular structures archived 
in the PDB (as of December 2024), more than 190,000 have been determined by crystallography, 
with ~10,000 new crystal structures being released to the public annually. 

Fragment-screening data challenge the current procedures and databases! 

Considering the numbers of data sets and structures mentioned above, fragment screening could 
potentially increase the influx of X-ray structures into the PDB by nearly an order of magnitude. 
Notwithstanding the availability of RCSB PDB GroupDep, which expedites deposition, validation 
and biocuration of tens to hundreds of similar structures in parallel, it could be challenging for the 
wwPDB to manage tens of thousands of additional fragment co-crystal structures using current 
protocols. A typical wwPDB biocurator needs about three hours to validate and biocurate each 
protein-ligand structure deposited via OneDep and about ½ hour for a protein-ligand structure 
entered via GroupDep. This productivity level translates into ~700 OneDep structures or ~4,000 
GroupDep structures per biocurator per year. These numbers are impressive, but they are 
nowhere near what would be needed if 105 additional protein-ligand structures were suddenly 
added each year. Furthermore, many structures from high-throughput fragment screening may 
not be directly comparable to traditionally determined, fully refined PDB structures. Protein-ligand 
structures from fragment screens are often only partially refined, and typically only in the vicinity 
of the ligand binding site to determine if, where, and how a fragment is bound. Extra effort devoted 
to refining such a structure to convergence, which could easily add an extra one to two days per 
structure, may not immediately return sufficiently useful information to be warranted. This reality 
means that such structures may be flagged as being of “lower quality” in wwPDB Validation 
Reports.  

An additional complication is that the experimental evidence for the presence of a fragment in a 
fragment-screening campaign may not solely be contained in an individual diffraction data set 
measured from a single fragment-soaked crystal. When the PanDDA approach29 is used to 
identify fragments, a ground state model is constructed from dozens or more “empty” data sets 
to reveal evidence for the presence of the fragment, which may have sub-stoichiometric 
occupancy. This added complication necessitates the deposition of “empty” data sets alongside 
fragment-bound data sets to enable data consumers to reproduce fragment-screening results 
from archived data. Additionally, there is potential value in the curation and archival of “empty” 
data sets, which may contain interesting structural features far from the target site of interest and 
beyond what could be expected.  
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Yet another difficulty is that fragments bound at sub-stoichiometric occupancy can result in 
compositional and often conformational heterogeneity of the crystal32,33, neither of which are well 
addressed by current refinement procedures.  

Finally, there are cases wherein the presence of ligands only becomes evident, when the entire 
fragment-screening campaign is pre-clustered into subgroups of data sets34. For each subgroup, 
a ground-state model needs to be constructed, and an independent PanDDA analysis needs to 
be performed. Such cases may occur, for example, when slight variations in cell dimensions lead 
to non-isomorphism, or they could simply be the consequence of a statistical distribution of slightly 
different crystal forms arising from non-uniform crystal soaking procedures or cryocooling 
conditions. A remarkable example, where the number of positive hits was increased by about 50% 
as a result of data clustering, was recently published35. 

What do people do to satisfy current publication and deposition requirements? 

The following examples taken from the literature or from anecdotal reports describe how some 
fragment screening teams currently operate. Simply put, there are currently no commonly 
established procedures. 

Approach 1. Refine the protein structures automatically without the ligand as much as possible, 
identify the ligand by difference electron density analysis, place the ligand, and refine the liganded 
structure to convergence. This is the traditional approach, resulting in fully refined protein-ligand 
structures. However, as the number of liganded structures exceeds one or two dozen, this 
approach becomes impractical and too time-consuming. As mentioned above, refining to 
convergence can easily add a day or two of work per structure. This approach was reported by 
Schiebel and colleagues (2016)36 and was routinely followed at SGX Pharmaceuticals, Inc. 

Approach 2. Determine the protein structure by automated Molecular Replacement using 
DIMPLE37. When features appear in the difference electron density map indicating the presence 
of a ligand, refine the structure further until the ligand density becomes clearer. Place the ligand, 
and refine the liganded structure further, but not necessarily to convergence. This approach is 
favored at the SPring-8 (Japan) fragment screening facility. 

Approach 3. Refine the protein structures automatically without the ligand as much as possible 
and identify the ligand in a PanDDA event map29. Use the PanDDA event map to place the ligand 
and make minor modifications to the structure only in the ligand binding site. Adjust the ground 
state model to the average PanDDA map. Combine the ground state with the ligand-bound model 
and refine using giant.refine (PanDDA). Check the resulting model for peaks >5 sigma, adjust 
and re-refine using giant.refine. This approach was described by Wollenhaupt and colleagues38.  

Approach 4. Refine the protein structures automatically without the ligand as much as possible 
and identify the ligand in a PanDDA event map29. Use the PanDDA event map to place the ligand 
and make minor modifications to the structure only in the ligand binding site. Deposit just the 
ligand-bound structure along with the final refined mtz file from the auto-refinement pipeline used. 
This approach is a simplified version of Approach 3. Barthel and colleagues39 used this approach 
to deposit about 270 protein-ligand structures from a 1000-compound screening campaign.  

Approach 5. Determine the protein structure by automated Molecular Replacement using 
DIMPLE37. Use the average PanDDA map to adjust the ground-state model, and re-run DIMPLE 
with the updated ground-state model. Then, use the PanDDA event map to place the ligand and 
to make some minor modifications to the structure in the ligand binding site only. Combine the 
ground state and bound-state models and refine using giant.refine (PanDDA). Check the resulting 
model, adjust, and re-refine using giant.refine. Deposit the ligand-bound structure together with 
the experimental structure factors, the final refined mtz file, and the PanDDA event map (stored 
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as distinct data blocks in one cif file). This approach is currently used by the XChem facility at 
Diamond Light Source23,27. 

Clearly, this list is far from being complete. Researchers may follow modified flavors of the 
mentioned approaches, or they would proceed along different routes. The important message to 
take home is that there are currently no commonly established procedures. 

What are the best options for FAIR archiving of crystallographic fragment-screening 
data? 

The current situation is that different researchers, sometimes even from the same lab, follow 
different procedures. The lack of agreed-on standards is far from satisfactory. Given the vast 
amount of data, the big question is: are there possibilities for data management of fragment-
screening data that are both practical and FAIR (Findable, Accessible, Interoperable, and 
Reusable)40? Four options for addressing current challenges are outlined below. In some, the 
PDB would play the central role, while in others, deposition and archiving would happen either 
partially or completely independent of the PDB. 

Option 1: Archiving fragment screening hits as fully refined protein-ligand co-crystal structures. 
For lower-occupancy ligands, doing so would involve refining the structure at least as a two-state 
(bound and unbound) model. Currently, available software is limited in this respect, but 
developments are ongoing to remedy this. Then, such structures could be handled by the PDB 
the same as any other structure. For protein-ligand structures for which PanDDA was used to 
identify the presence of the ligand, the PanDDA evidence also needs to be deposited, to enable 
the data consumer to evaluate the evidence. Two possibilities for doing so are briefly outlined 
immediately after this section; see below. Option 1 is the most conservative and would place the 
greatest burden on the fragment screening team, adding an estimated one to two days per 
structure for refinement to convergence and the time necessary to prepare parallel deposition of 
the structures. 

Option 2: Archiving fragment screening hits as partially refined protein-ligand structures. Most of 
the atomic coordinates would be the result of some auto-refinement procedure, then the ligand 
would be placed based on a traditional difference Fourier map or based on the PanDDA event 
map and small modifications to the protein structure in the vicinity of the ligand binding site(s) 
would be carried out by hand. Then, the structure would be refined for one more cycle and 
deposited as is. Adherence to current wwPDB validation practices would result in “inferior” 
wwPDB Validation Reports for these data. As for Option 1, where PanDDA was used for ligand 
identification, deposition of the PanDDA event map would be necessary. Because such structures 
would not be comparable in quality to most of the fully refined structures archived in the PDB, it 
may be worth considering whether they should be segregated into a separate branch of the 
archive or flagged as originating from a fragment-screening experiment. This option would entail 
less work for depositors than Option 1, but more work for the wwPDB consortium. 

Option 3: Archiving fragment-screening campaign information in its entirety (or as pre-clustered 
subsets of the data) in a single data repository. Doing so would entail management of all 
processed diffraction data and all fully and/or partially refined co-crystal structures. Scientifically, 
this approach would appear to be ideal. It would make both positive and negative results available 
to the community and enable data consumers to reproduce the evidence for each fragment hit. 
Moreover, methods developers would have access to all the fragment-screening data to improve 
fragment hit detection (possibly by AI-based approaches). An important requirement here is that 
the entire screen be understood as a single investigation, not as an amalgamation of individual 
experiments. Given the number of fragment-screening campaigns on the horizon, it is an open 
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question whether these data should be housed in the PDB or elsewhere. If they were to be housed 
in the PDB, two questions arise. First, would partially refined structures with “inferior” wwPDB 
Validation Reports have to be segregated from fully refined structures? Second, how would the 
“empty” data sets be managed?  

Option 4: Archiving fully refined protein-ligand follow-up structures based on fragment hits in the 
PDB and preservation of remaining fragment-screening campaign information in a separate data 
resource(s). This “hybrid” approach would avoid overloading wwPDB biocurators and flooding the 
PDB with partially refined structures with “inferior” wwPDB Validation Reports, etc. But it would 
create challenges for the fragment-screening research community. Immediately, there would be 
the challenge of making data freely available to satisfy current publication requirements. Other 
databases such as CHEMBL41, BindingDB42, Github, Zenodo, or XRDa could potentially play a 
role here, or such data could be added as supplementary information to a publication (e.g., Füsser 
and colleagues43). More than likely, this approach would require adaptations to those databases 
and development of clear guidelines for data depositors. An even greater concern would be how 
the fragment-screening research community will ensure adherence to the FAIR data principles40 
with such a “hybrid” approach. 

Importantly, the four options described are neither exhaustive nor mutually exclusive. For 
example, adoption of Option 1 does not preclude making all remaining data available under 
Option 4. 

Possibilities for preserving the PanDDA evidence for the presence of a ligand in a 
deposition. 

As mentioned above, an important consideration in the context of data preservation and 
deposition is that the experimental evidence for the presence of the ligand must be extractable 
from the deposited data. For protein-ligand structures in which the ligand was identified in a 
difference electron density map, this is easily ensured, because the file with the experimental 
structure factor amplitudes already contains all necessary information. In cases where PanDDA 
was used for ligand identification, it is not so obvious, because the information on the presence 
of the ligand is distributed over many data sets, including “empty” data sets. Without them being 
deposited as well, there are two principal possibilities:  

(i) The structure factor amplitude file of a protein-ligand structure needs to be supplemented with 
the corresponding amplitudes and phases of the Fourier-transformed PanDDA event map. These 
could be simply added as two additional columns (PanDDA_eventmap_F and 
PanDDA_eventmap_PHI) to the file containing the experimental data, so the meaning of these 
columns is obvious for any downstream program that is used to visualize this map. 

(ii) The coefficients of the Fourier-transformed PanDDA event map need to be added as separate 
data blocks to the cif file for deposition. In this case, data consumers have to first extract the event 
map from the cif file before the map can be visualized. 

The second option is most common today, because the PanDDA event map is typically calculated 
in symmetry P1 and is therefore the amplitudes and phases of the Fourier-transformed map are 
not directly compatible with the experimental structure factor amplitudes file. However, an elegant 
solution could be to transform the event map to the symmetry of the crystal, and then proceed 
with the first option. 

 

 

Summary 

https://doi.org/10.26434/chemrxiv-2025-hjjnj ORCID: https://orcid.org/0000-0002-2362-7047 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-hjjnj
https://orcid.org/0000-0002-2362-7047
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Because there is no established procedure for how to treat structures produced by 
crystallographic fragment-screening campaigns nor for preservation of results from these 
campaigns, we call for a community-wide discussion to agree on best practices and accepted 
procedures. Such a discussion should involve researchers involved in producing fragment-
screening data, facility operators, representatives of relevant data resources, such as PDB, 
BindingDB, etc., scientific publishers, and data consumers. A “white-paper” describing the 
outcome of such a discussion could recommend community consensus guidelines, which can be 
implemented at the PDB (or elsewhere) and to which reputable publishers would subscribe. No 
matter the outcome, it is imperative that the FAIR principles are fully embraced by fragment-
screening researchers. 

These guidelines are urgently needed! Crystallographic fragment-screening campaigns have 
become ever more popular in recent years, and we anticipate a looming tsunami of fragment-
screening campaigns with potentially millions of data sets and hundreds of thousands of protein-
ligand co-crystal structures on the horizon. If these data are to be captured and made available 
to the community, we need to ensure that relevant, easy-to-use, and robust tools and standards 
are in place. An additional tacked-on question is how crystallographic fragment-screening data 
can be made interoperable with outcomes of complementary biophysical fragment screens (e.g., 
from NMR). 

Finally, one should always bear in mind that a fragment-screening campaign is just the beginning 
of a lead discovery project. And while specific protein-fragment complexes are the near-term goal 
for fragment screens, there is no telling what valuable insights might be drawn from such a 
massive collection of data over the coming years and decades. For this reason, we advocate 
making as much data as widely available as possible. 
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Synchrotron FS-facility Libraries Dedicated hardware Data management 
software 

DS / 24 
hrs 

FS campaigns 
/ yr 

Ref. 

Europe 
BESSY II, 
GER 

F2X F2X-Entry 
F2X-Universal 
EU-Openscreen 

EasyAccess Frame FragMAXapp 250 18 [22,24] 

DLS, UK XChem DSI-poised 
EU-Openscreen 
EUbOpen  
DSiP extension 
Minifrags 
Fraglites 
SpotXplorer 
York 3D 
Covalent minifrag 

Crystal Shifter 
Echo 

XChemExplorer 750 80 [21,25] 

ESRF, FR HTX Lab 
@EMBL-
Grenoble 

Enamine Golden Fragments 
DSI-Poised 
EU-Openscreen 

CrystalDirect 
Acoustic dispensing 

CRIMS, ISPyB 500 10 [20] 

MAX IV, SE FragMAX FragMAXlib 
EU-Openscreen 
MiniFrags 
DSI-poised 

Crystal Shifter 
EasyAccess Frame 

FragMAXapp 
FragMAXdb 

400 11 [19] 

PETRA III, 
GER 

Under 
development 

F2X-Entry Crystal Shifter 
Echo 

Jupyter Notebook 720 5 - 

SLS, CH FFCS Maybridge 2500 Ro3 Diversity  Crystal Shifter 
Echo 550 
Roylan developments 
storage pod system 

HEIDI 600 5 [23] 

North America 
NSLS-II, USA XCFS DSI poised 

Fragment diversity sets #2 and #3 
Crystal Shifter 
Echo 550 

Jupyter Notebook 500 7 [26] 

South America 
Sirius, BRA Under 

development 
CRAFT fragment library - - 300 - - 

Asia 
PLS-II, KR X-FBDD DSI-poised  

High Fidelity libraries 
Prestwick Drug Fragment Coreset Library 

Crystal Shifter 
Echo 650 

Own development 300 6 - 

SPring-8, JP @BL45XU - Echo 650 T - 250 3 - 
SSRF, CN No name yet L7800-High Solubility Fragment Library 

L9410-Covalent Inhibitor Library 
L5700-Featured Fragment Library 

- Own development 400 3 - 

Australia 
Australian 
Synchrotron, 
AUS 

Under 
development 

Collaboration with Compounds Australia 
MIPS library 

Crystal Shifter Own development based 
on AutoRickshaw 

275 8 - 
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