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A recent editorial in the IUCr macromolecular crystallography journals
[Helliwell et al. (2019), Acta Cryst. D75, 455-457] called for the implementation
of the FAIR data principles. This implies that the authors of a paper that
describes research on a macromolecular structure should make their raw
diffraction data available. Authors are already used to submitting the derived
data (coordinates) and the processed data (structure factors, merged or
unmerged) to the PDB, but may still be uncomfortable with making the raw
diffraction images available. In this paper, some guidelines and instructions on
depositing raw data to Zenodo are given.

1. Introduction

Advancement in science depends on the reproducibility of
scientific results and therefore the sharing of research data is
essential (Helliwell et al., 2017). Open-science models aim at
making research data available to the larger community.
Open-science platforms have been established, for example
the OpenAIRE project (https://www.openaire.eu) and the
European Open Science Cloud (EOSC; Jones, 2015),
promoting the sharing of data. Guidelines for proper data
management are described in The FAIR Guiding Principles
for scientific data management and stewardship (Wilkinson
et al., 2016), which requires research data to be Findable,
Accessible, Interoperable and Reusable.

A recent editorial in the IUCr macromolecular crystal-
lography journals (Helliwell er al, 2019) called for the
implementation of the FAIR data principles. Authors are
encouraged to make their deposited original raw diffraction
data publicly available when they submit an article describing
a new structure or a new method tested on unpublished
diffraction data. In addition, the availability of raw data will
allow new science by reanalysis using enhanced methods and
technology.

In a series of papers in Acta Crystallographica Section D
(Terwilliger, 2014; Kroon-Batenburg & Helliwell, 2014; Guss
& McMahon, 2014; Terwilliger & Bricogne, 2014), the possi-
bilities and problems of archiving raw diffraction images have
been discussed. Kroon-Batenburg & Helliwell (2014) esti-
mated the costs of archiving raw diffraction images and
brought forward the challenges in reprocessing the data as
well as the need to capture and archive the metadata asso-
ciated with the raw image data. Initially, the costs of raw data
storage seemed to be prohibitive. An early initiative of raw
crystallographic data archiving, the Store.Synchrotron service
of the Australian Synchrotron (Meyer et al., 2014), paved the
way. After this, two large-scale repositories dedicated to
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diffraction proved that raw data archiving is feasible: the
Integrated Resource for Reproducibility in Macromolecular
Crystallography (IRRMC) currently has over 9600 data sets
(Grabowski et al, 2016) and the Structural Biology Grid
Consortium (SBGrid) currently has 791 data sets (Meyer et al.,
2016). These are most frequently used by high-throughput
genomics projects. Also notable is a Polish repository for
macromolecular crystallography, MX-RDR (https://icm.edu.pl),
that has 402 data sets and rich metadata. The ideal model was
set up by the PDBj in 2021 by creating XRDa: an Xtal Raw
Data Archive, which aims to collect raw crystal diffraction
data for entries submitted to the PDB (Bekker et al., 2022;
https://xrda.pdbj.org/). It provides a complete data record
consistent with the FAIR principles.

Large-scale facilities are developing their own data policies.
70% of facilities have a specific clause guaranteeing the long-
term preservation of primary data from photon and neutron

sources, which is often automatically released to the public
after an embargo period during which access is privileged to
the original researchers (G6tz et al., 2021). However, with the
highly brilliant sources of fourth-generation synchrotrons and
X-ray free-electron lasers, as well as improved detector tech-
nologies, the data rates increase rapidly such that full data
archiving may become impossible. Some raw data sets from
XFEL serial crystallography and X-ray coherent imaging
experiments can be found in the Coherent X-ray Imaging
Data Bank (CXIDB) at https://cxidb.org/ (currently 215
entries). Also noteworthy is EMPIAR, the electron micro-
scopy public archive, that stores raw images underpinning 3D
cryo-EM maps and tomograms (https://www.ebi.ac.uk/empiar/)
and currently contains 1426 entries and a total of 3.23 PB of
storage.

Although raw data reanalysis is not (yet) carried out so
frequently, we would like to give some examples of its usefulness.

D save « Publish

Instructions: (i) Upload minimum one file and fill-in required fields (marked with a red star ). (i1) Pre " to > your upload for editing later. (i) When ready, press "Publish” to finalize and make your upload public
Files @) Choose files | RORSIERENSEEL
Filename (1 files) Size Progress Delete
cbf_b4_1.tarbz2 49GB |5}
Note: File addition, removal or modification are not allowed after you have published your upload. This is because a Digital Object Identifier (DOI) is registered with (' DataCite for each upload.
(minimum 1 file da nt. ata
If you're experiencing issues with uploading larger files, read our FAQ section on file upload issues.

Communities @

recommended Vv

Specify communities which you wish your upload to appear in. The owner of the community will be notified, and can either accept or reject your request.Please make sure your record
complies with the content policy of the communities you add; reported abuse will be followed by account inactivation.
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Figure 1

Upload page on Zenodo with the data items as filled in for the first Raw Data Letter (Neviani et al., 2022). (a) The raw data file chosen will be uploaded
after pressing the ‘Start upload’ button. The Macromolecular Crystallography community has been selected; the upload type is ‘Dataset’.
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Basic information required ¥

|l Digital Object Identifier 10.5281/zenodo.5886687

Optional. Did your publisher already assign a DOI to your upload? If not, leave the field empty and we will register a new DOI for you. A DOI allows
others to easily and unambiguously cite your upload. Please note that it is NOT possible to edit a Zencdo DOI once it has been registered by us, while it
is always possible to edit a custom DOI.

| 1 Reserve DOI | &

£ Publication date * | 20220131 ‘

Required. Format: YYYY-MM-DD. In case your upload was already published elsewhere, please use the date of first publication.

& Title * ‘ X-ray crystallographic data of second extracellular domain of human tetraspanin CD9 ‘
Required.
& Authors * ‘ Neviani Viviana ’ ‘ Utrecht University ‘ ’ @ 0000-0002-5729-3639 | s x
Optional
| Lutz Martin | | utrecntuniversity | | @ orciD (eg: 00000002-18250007 | & x
Optional
| Oosterheert Wout | | utrecnt university | | ® o000-0003-1180-6044 | & x
Optional
‘ Gros Piet | | Utrecht University ‘ [ (® 0000-0002-7782-2585 ’ LR
Optional
| Kroon-Batenburg Loes | | utrecntuniversity | | @ 0000-0002-5321-1302 | & x
Optional
< Add another author
#Description* | G @ B I S x x @ 5 == r = HMEE .« L QO Bsowe
These X-ray diffraction data are of a crystal of the second extracellular domain of human tetraspanin CD9. The data
show remarkable features that stem from twinning and concurrent diffuse scattering in streaked directions
perpendicular to the twinning interface. The structure is described in [Oosterheert et al. (2020). Life Sci. Alliance, 3,
©202000883] and is deposited in the PDB under accession code 6rlir.
The raw data are described in details in I[UCrData as a Raw Data Letter [Neviani et al., IUCrData (2022].
The .h5 files are as they were originally recorded at Diamond Light Source at beamline 104. The images were
converted to separate CBF files by a local script at DLS and compressed in the tar.bz2 file.
4
Required.
W Version ‘ ‘
Optional. Mostly relevant for software and dataset uploads. Any string will be accepted, but semantically-versioned tag is recommended.
See (' semver.org for more information on semantic versioning.
Q@ Language ‘ eqg.'eng’, 'fr' or Polish' ‘
Optional. Primary language of the record. Start by typing the language's common name in English, or its ISO 639 code (twio or three-letter code)
See (' 1SO 639 language codes list for mere information
W Keywords ‘ raw diffraction data; non-merohedral twinning; diffuse scattering; stacking lattice ’ s =
< Add another keyword
# Additional notes The raw data are described in an exemplary Raw Data Letter, with the goal of publishing and archiving raw diffraction data.
Methods and software developers are invited to upload and re-use the data. 4

Optional.

©®)

Figure 1 (continued)
(b) ‘Reserve DO’ resulted in the DOI displayed. The publication date, title and authors and a description of the data set were filled in. Keywords and
additional notes were given (see Fig. 2 for how this will appear on the Zenodo landing page).
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License required Vv

Accessright* @ of Open Access
O @ Embargoed Access
O @ Restricted Access

O @ Closed Access
Required. Open access uploads have considerably higher visibility on Zenodo.

® License * Creative Commons Attribution 4.0 International

Required. Selected license applies to all of your files displayed on the top of the form. If you want to upload some of your files under different licenses,
please do so in separate uploads. If you cannot find the license you're looking for, include a relevant LICENSE file in your record and choose one of the
Other licenses available (Other (Open), Other (Attribution), etc.). The supported licenses in the list are harvested from opendefinition.org ' and
spdx.org (2. If you think that a license is missing from the list, please contact us

Funding recommended Vv

Zenodo is integrated into reporting lines for research funded by the European Commission via (' OpenAlRE. Specify grants which have funded your research, and we will let your

funding agency know!
(3 Grants European Commission (EU) ‘ ‘ Start typing a grant number, name or abbreviation... X
Optional. OpenAlRE-supported projects only. For other funding acknowledgements, please use the Additional Notes field.
Note: a human Zencdo curator will need to validate your upload - you may experience a delay before it is available in OpenAIRE
< Add another grant
Related/alternate identifiers recommended Vv

Specify identifiers of related publications and datasets. Supported identifiers include: DOI, Handle, ARK, PURL, ISSN, ISBN, PubMed ID, PubMed Central ID, ADS Bibliographic Code,
arXiv, Life Science Identifiers (LSID), EAN-13, ISTC, URNs and URLs.

|l Related identifiers ‘ 10.1107/52414314622008! is cited by this upload v ‘ ‘ Dataset ¥ ‘ s X
Optional. Resource type of the related
identifier.
| 10.1107/52414314622008! | | cites this upload v| | Joumalarticle vl
Optional. Resource type of the related
identifier.
< Add another related identifier
Contributors optional ¥
References optional ¥
Journal optional ¥
Conference optional ¥
Book/Report/Chapter optional ¥
Thesis optional ¥
Subjects optional ¥
=

©

Figure 1 (continued)

(c) Select ‘Open Access’ and select your preferred license (CC BY 4.0 is the default) while keeping in mind the FAIR data principles. For this data set
two related identifiers were given: the imgCIF file describing the metadata and the Raw Data Letter as published in JUCrData. At the time of uploading
the data, the Raw Data Letter was not yet published. These identifiers were added at a later stage. Pushing the ‘Publish’ button will result in registration
of the data with DataCite. The data can no longer be changed. A new version can be created, however, with the same concept DOI.
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In a study on the effects of dimethyl sulfoxide on the binding
of cisplatin and carboplatin to histidine, we used EVAL
(Schreurs et al., 2010) to reanalyze the data from 11 different
lysozyme crystals that were originally processed with
MOSFLM (Leslie, 2006). We studied the possible effects of
equipment and data processing on the calculated occupancies
and B factors of the bound platinum compounds (Tanley et al.,
2013). Using EVAL, we also reprocessed some of the data sets
for 11 crystal structures of variants of the Escherichia coli
enzyme N-acetylneuraminic lyase as they exhibited twinning
and incommensurate modulation (Campeotto et al., 2018). The
reanalysis contributed to understanding why some of the
structures were modulated. In the CommDat Workshop Data
Science Skills in Publishing at ECM32 in Vienna (https://
wwwiucr.org/__data/assets/pdf_file/0018/144009/07_KroonBatenburg
_Rawdata.pdf) we gave two examples of indexing problems in
raw data sets, one from SBGrid due to pseudo-merohedral
twinning and one from IRRMC that had a second fragment
and overlapping reflections.

The workflow of many crystallographers involves collecting
data on a home source or a synchrotron facility. With the auto-
processing steps implemented on most beamlines, users have
no need to download the data to a local computer but can
simply use the resulting processed data in their research. The
raw data will still be accessible if the facility has proper
archiving and data-management systems in place. However,
good documentation in a scholarly publication requires the
research results to be supported by the original data.

Zenodo is an online repository that was developed and is
hosted by CERN and OpenAire, with the support of the
European Commission, and allows researchers to share
publications and data facilitating open science. It is a highly
sustainable solution to data archiving, as the data will be
stored for as long as CERN exists. Each data set is assigned a
digital object identifier (DOI). Uploads can be made available
online immediately. Although Zenodo is a general repository,
communities can be established that group together certain
types of data. Notably, there are the Macromolecular Crys-
tallography (228 data sets) and Chemical Crystallography (44
data sets) communities.

The authors of papers describing research on a macro-
molecular structure are already used to submitting the derived
data (coordinates) and the processed data (structure factors,
merged or unmerged) to the PDB (via OneDep at https://
www.wwpdb.org/), but may still be uncomfortable with making
the raw diffraction images available. Below, we give some
guidelines and instructions for depositing raw data to Zenodo.

2. How to

Zenodo (https://zenodo.org) is a general repository collecting
publications, software, data sets, presentations, tutorials and
some other types of data. To remove any barriers to publishing
raw data, we give some simple instructions for depositing data
with Zenodo. To be able to upload data one must first sign up.
Once logged in, an ‘Upload’ button is available. The author’s
previous uploads are shown, and by clicking ‘New upload’ a

questionnaire follows. Choose the data file(s) on your
computer and press the ‘Start upload’ button. Any file type is
acceptable in Zenodo, although the use of a community
standard is recommended (see below for what the preferred
data formats may be). The maximum size of a data set is
50 GB. It is wise and convenient for data transfer if you pack
your files as zip files or as a tar file compressed using gzip or
bzip2. We recommended that you select a suitable community
for the data, such as Macromolecular Crystallography. Click
‘Dataset’ as upload type, select ‘Reserve DOI” and give the
title and author details and provide a short description of the
data, keywords and additional notes (see Fig. 1 for the steps
in the Zenodo questionnaire). The DOI is registered with
DataCite. The metadata will be exported to DataCite and will
be searchable. By reserving a DOI, but not publishing, the
future DOI can immediately be included in other materials,
for example a draft publication or presentations. Also, the raw
data content of the data publication can be freely adjusted.
Once the ‘Publish’ button has been pressed the data files can
no longer be changed. If you need to change the raw data after
publication, a new version is created and the original DOI
(called the ‘concept DOT’) will point to the most recent
version. Additions or updates to the metadata collected by
Zenodo (including the overall description) do not result in a
new version and so can be freely changed. Related identifiers,
such as your IUCr publication, can be given and will appear on
the Zenodo landing page (see Fig. 2 for the resulting landing
page for the example data in Fig. 1). If your paper is not yet
published at the time of uploading the raw data, these iden-
tifiers can be added later. Although you can restrict access to
your data, ‘Open Access’ is the only choice that is compatible
with the FAIR principles. Zenodo suggests a CC BY 4.0
license for your data, but you can choose differently. Metadata
may be freely reused under the CC0 waiver. Zenodo has Open
APIs that allow software to freely access the metadata content
(via OAI-PMH) and to deposit large amounts of data.

Raw diffraction data in macromolecular crystallography can
come in many different data formats and with varying meta-
data quality. To ensure reusability, metadata should be accu-
rate and complete or at least sufficient to be able to process
the data. Large-scale facilities and diffraction-equipment
manufacturers are becoming more and more aware of the
FAIR data principles and the metadata content is thus
increasing in quality. Recently, a gold standard was proposed
by the HDRMX working group (Bernstein et al, 2020).
Noteworthy here are Raw Data Letters, which are a colla-
borative innovation of IUCr Journals with the IUCr
Committee on Data, and are part of the journal /UCrData
(Kroon-Batenburg et al., 2022). Raw Data Letters are meant to
describe interesting features in raw data sets that could be of
interest to methods and software developers for purposes such
as reanalysis by newer methods, or that may be relevant to the
structural interpretation. The working group behind Raw Data
Letters has developed methods to capture the metadata in
imgCIF format (Bernstein & Hammersley, 2005; Hammersley
et al., 2005) by reading the raw images or container files and
asking for additional metadata details from the authors. The
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Figure 2

Zenodo landing page for the raw data of the first Raw Data Letter (Neviani et al., 2022). Data are published in the original HDF5 format as well as those
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preferred data standards for Raw Data Letters are Nexus/
HDFS5 and imgCIF/CBF (Kroon-Batenburg et al., 2022).

3. Discussion

We highly recommend that authors make their raw data public
so that the crystallographic community will move towards
open science. Although in this paper we focus on Zenodo for
raw data archiving, the macromolecular crystallography-
specific SBGrid (https:/sbgrid.org) and IRRMC (https://
proteindiffraction.org) could be good alternatives. They both
require an associated structure that is deposited in the PDB
and both are open to the structural biology community. Some
additional metadata are captured at the time of deposition,
such as author names, affiliations, compound name, facility/
beamline and additional processing details. SBGrid runs the
data through an automatic processing pipeline which, when
successful, shows the space group, unit cell and some statistics.
Success indicates that the metadata are correct and sufficient.
Failure is often related to an incorrect beam center. IRRMC
provides a diffraction image for each scan, which is very useful
if one is searching for data with specific features such as
diffuse scattering. We believe that Zenodo is the most
sustainable solution to data archiving, and authors can provide
as much metadata and related information as they like. Finally,
we would like to add that when using the OneDep system for
structure deposition, authors can provide a DOI for their
associated raw data, so linking the raw data to a PDB entry is
straightforward.
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