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Abstract

Cryo-EM in structural biology is currently served by three public archives – EMDB for 3DEM 

reconstructions, PDB for models built from 3DEM reconstructions and EMPIAR for the raw 2D 

image data used to obtain the 3DEM reconstructions. These archives play a vital role for both the 

structural community and the wider biological community in making the data accessible so that 

results may be reused, reassessed and integrated with other structural and bioinformatics 

resources. The important role of the archives is underpinned by the fact that many journals 

mandate the deposition of data to PDB and EMDB on publication. The field is currently 

undergoing transformative changes where on the one hand high-resolution structures are becoming 

a routine occurrence while on the other hand electron tomography is enabling the study of 

macromolecules in the cellular context. Concomitantly the archives are evolving to best serve their 

stakeholder communities.

In this chapter we describe the current state of the archives, resources available for depositing, 

accessing, searching, visualising and validating data, on-going community-wide initiatives and 

opportunities and challenges for the future.
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1. Introduction

In recent years cryo-electron microscopy (cryoEM) and electron tomography (cryoET) have 

become indispensable tools for molecular and cellular structural biology. In the past they 

were commonly used to complement the more established techniques of X-ray 

crystallography and Nuclear Magnetic Resonance (NMR) spectroscopy. Single-particle EM 

enables the study of large macromolecular assemblies and complexes in a close-to-native 

environment without the need for generating large amounts of purified material, forming 

crystals, or isotopic labelling. Single-particle cryoEM even forgoes the requirement for 
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extreme sample homogeneity, either compositional or conformational, since multiple states 

can be computationally separated into different 3D classes. CryoET is the method of choice 

when studying pleomorphic structures such as the HIV virus or structures in the cellular 

context.

Traditionally, EM based techniques have yielded 3D structures with limited resolution, 

preventing the direct unambiguous interpretation of the data in terms of biological entities. 

Electron diffraction and imaging have been used successfully on helical and 2D crystalline 

arrays to overcome this hurdle and obtain structures to atomic resolution, e.g., the αβ tubulin 

dimer (Nogales et al., 1998), but researchers using diffraction methods face the traditional 

challenge of obtaining well ordered crystals. These issues have prevented wider use but 

electron crystallography has found a niche in structure determination of membrane proteins 

e.g., aquaporin at 1.9Å resolution (Gonen et al., 2005). More typically, interpretation of 

lower resolution 3D maps has been aided by fitting of atomic coordinate models derived 

from other experiments, by comparing maps of related structures, or by segmenting the 

structure using other biochemical information or prior knowledge. For cryoET the problem 

of limited resolution has been even more severe owing to intrinsic limitations of the 

technique such as missing wedges, radiation damage from imaging the same specimen area 

multiple times, and specimen tilting. However, the resolution may be adequate for the 

purpose of the experiment, for example to examine the distribution or organization of a 

complex and molecular assembly in the cell (Brandt et al., 2010). In cases where there is 

ambiguity, other methods can be used to robustly identify targets, for example correlative 

light microscopy with fluorescent tagging (Kukulski et al., 2012). Sub-tomogram averaging 

(see chapter by Briggs) – a technique similar to single-particle methodology but involving 

the averaging and classification of 3D sub-volumes, can be used to improve resolution and 

overcome tomographic artefacts. Using classification techniques, sub-tomogram averaging 

enables visualization of structural variability in a cellular context.

In the past few years there have been major technological advances in the field, including the 

introduction of the direct electron detector, that have enabled the determination of single-

particle structures to atomic resolution, and cryoET has also benefitted from the improved 

resolution. At the same time there has been an increased emphasis on combining different 

structural techniques to build up a holistic understanding of the biological problem at hand. 

Here electron tomography and correlative light microscopy has been vital in providing the 

cellular context to the macromolecular world (Zeev-Ben-Mordehai et al., 2014). Other 

notable developments include that for the first time there are phase plate technologies 

sufficiently robust for routine adoption (Danev and Baumeister, 2016) and that 3D electron 

diffraction has been successfully used to determine structures to 1.4 Å resolution (Rodriguez 

et al., 2015).

The structural biology community was one of the first to recognize the value of providing 

public open access to data from X-ray crystallography with the inception of the Protein Data 

Bank (PDB) as an archive for atomic coordinate models in 1971 (Berman et al., 2012). Open 

access to data provides a means to independent validation, re-use and integration of 

structural information. The PDB has served as a source of data for methods development and 

teaching, driving the field forward. It has also been a focal point for community wide efforts 
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on many issues including standardisation and validation that have benefitted the field. Today 

the PDB archive comprises over 110000 structures, including over 1000 structures 

determined using EM-based techniques (Figure 1, green bars). Deposition of experimentally 

derived atomic coordinate model structures to PDB is mandatory upon publication for most 

relevant journals. The PDB is managed by the members of the Worldwide Protein Databank 

(wwPDB; wwpdb.org; (Berman et al., 2003)): the Research Collaboratory for Structural 

Bioinformatics PDB (RCSB PDB), the Protein Data Bank in Europe (PDBe) at the 

European Bioinformatics Institute (EMBL-EBI), the Protein Data Bank Japan (PDBj) at the 

Institute for Protein Research in Osaka University, and the Biological Magnetic Resonance 

Bank (BMRB) at the University of Wisconsin-Madison.

In the same vein, in the late 1990’s and early 2000’s there was a growing realisation by EM 

researchers of the need for a similar resource for EM derived structures. At that time, most 

EM structures were not solved to a resolution where an atomic coordinate structure could be 

built from the 3D EM volume so it was critical for the volume itself to be stored. The 

Electron Microscopy Data Bank (EMDB) was set up in 2002 at EMBL-EBI as an archive for 

3DEM reconstructions (Tagari et al., 2002). It now comprises over 3400 structures (Figure 1, 

purple bars) from a variety of EM techniques including single-particle, electron tomography, 

sub-tomogram averaging and 2D and 3D electron diffraction (Figure 2). Current trends in 

the field reflect directly on depositions to EMDB. Figure 3 shows how the number of 

structures deposited at better than 4 Å resolution has increased dramatically in the past few 

years and Figure 4 highlights the importance of the direct electron detector in advancing the 

field. Map volume deposition rates for published 3DEM structures have been gradually 

increasing as the potential of 3DEM methods is recognized. Many journals have 

implemented policies requiring experimental data to be deposited for EM-based studies. 

Nowadays many EM experiments involve coordinated depositions of the 3DEM volume to 

EMDB and fitted or built atomic coordinates to PDB. Another trend is towards hybrid 

experiments where constraints from several different methods are combined to obtain a 

structure. Notable examples include the nuclear pore complex (Alber et al., 2007), and 

amyloid fibrils (Fitzpatrick et al., 2013). The current data archives do not fully support the 

full range of possible hybrid experimental data; the challenges are discussed in more detail 

by Sali et al. (Sali et al., 2015).

The EMDB archives the final 3D reconstructions (map volumes) from EM experiments. 

There have been growing calls from the EM community for the public archiving of the raw 

EM image data, both to serve as benchmarks (Henderson et al., 2012) and to allow others to 

perform a full validation of the experimental results (Glaeser, 2013; Henderson, 2013). The 

raw data is often orders of magnitude larger in size than the final 3D reconstructions and the 

EMDB infrastructure is not able to cope with the storage or transfer of these large datasets. 

In 2014, PDBe created EMPIAR (Iudin et al., 2016), a dedicated archive for raw EM image 

data designed to handle large data set transfers from the outset. EMPIAR now comprises 

over 45 datasets averaging 700GB in size with 5 datasets over a TB in size. In its short 

existence, EMPIAR has already been cited over 16 times and EMPIAR data is downloaded 

at an average rate of 10TB per month, underlining the important role it is playing for the EM 

community. EMPIAR data is used for a range of purposes including validation, methods 

development, testing and training. Based on input from the community, PDBe is also 
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working on extending EMPIAR to support related imaging modalities including 3D 

scanning electron microscopy, soft X-ray tomography and correlative light and electron 

microscopy.

2. Resources

The EMDataBank website (www.emdatabank.org) provides a unifying portal to resources 

relating to 3DEM map and model data deposited to EMDB and PDB. The EMDataBank 

project is a joint effort among PDBe, RCSB PDB, and the National Center for 

Macromolecular Imaging (NCMI) at Baylor College of Medicine (Lawson et al., 2016; 

Lawson et al., 2011). Resources for EMDB and EMPIAR from PDBe may also be accessed 

via the links http://pdbe.org/emdb and http://pdbe.org/empiar respectively.

2.1. Searching, Browsing, and Visualizing data

Two search services are currently available through EMDataBank. EMSEARCH (Lawson et 

al., 2011), hosted at RCSB, facilitates simple searches of EMDB based on author name, title, 

entry ID, sample name, citation abstract content, aggregation type, resolution, and/or release 

date. Advanced EMDB search (http://pdbe.org/emsearch; (Gutmanas et al., 2014)), hosted at 

PDBe, provides additional capabilities such as searches by sample molecular weight, 

taxonomy, reconstruction software package, microscope model and parameters, and has the 

ability to filter and further refine initial search results. Both search sites provide results 

listings with links to individual entry pages, where one can view overview information and 

access links for visualization tools and file downloads. The EMDB archive can also be 

investigated using the EMStats statistics service (http://pdbe.org/emstats; (Gutmanas et al., 

2014)).

Three types of web-based visualization are available for 3DEM structures. First, a Java-

applet-based volume viewer permits 3D visualization of maps and their associated PDB 

coordinate models (Lagerstedt et al., 2013; Lawson et al., 2011). Second, a volume slicer is 

available for inspecting 2D slices of EMDB entries from three orthogonal orientations 

(Salavert-Torres et al., 2016). Third, visual analysis pages (Gutmanas et al., 2014; Lagerstedt 

et al., 2013; Patwardhan et al., 2012) facilitate analysis and validation of maps, tomograms 

and models by providing static images of map orthogonal projections and central slices as 

well as graphs of FSC curves, map density distribution, rotationally averaged power 

spectrum, volume estimation vs. contour level, and model atom inclusion at the 

recommended contour level. These visualization tools have been designed to help non-

experts and experts alike to gain insight into the content and assess the quality of 3DEM 

structures in EMDB and PDB without the need to install specialized software or to 

download large amounts of data from the structural data archives.

Maps and associated model files may also be downloaded for local analysis via links on 

individual entry pages. EMDB maps can be viewed along with associated models using 

locally installed software such as UCSF Chimera (https://www.cgl.ucsf.edu/chimera/; 

(Pettersen et al., 2004)), Pymol (www.pymol.org), VMD (http://www.ks.uiuc.edu/Research/

vmd/; (Humphrey et al., 1996)), and Coot (http://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/; (Emsley et al., 2010)), enabling investigation with an extensive set of tools.
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2.2. Validation

Visual analysis pages—The functionality of the visual analysis pages has been 

described above and they provide a basic simple first check of the entry based on the 

information available. They are available from links of the form: http://pdbe.org/emd-####/

analysis, e.g., http://pdbe.org/emd-2852/analysis for EMDB entry EMD-2852.

Stand-alone validation servers—Two validation servers have been developed at PDBe 

for eventual integration into the 3DEM validation pipeline.

Fourier-Shell correlation (FSC; (Harauz and van Heel, 1986)) is the most commonly 

reported method for estimating the resolution of single-particle maps. However, the 

estimated resolution depends critically on the threshold criteria used, and several different 

conventions are followed. In order to simplify deposition of FSC curve data to EMDB, a 

web service for calculating FSC curves has been developed, community-tested, and placed 

into production (http://pdbe.org/fsc). A user can upload two independent maps, receive the 

calculated FSC curve in a standardized format for deposition into EMDB, and view and 

download a plot of the curve. Several reconstruction packages also produce FSC files 

suitable for direct upload to EMDB including EMAN2 (http://blake.bcm.edu/emanwiki/

EMAN2; (Tang et al., 2007)), RELION (http://www2.mrc-lmb.cam.ac.uk/relion/index.php/

Main_Page; (Scheres, 2012)) and Bsoft (http://lsbr.niams.nih.gov/bsoft/; (Heymann and 

Belnap, 2007)). More than 120 map entries in EMDB now include deposited FSC curves.

Tilt-pair analysis (Henderson et al., 2011; Rosenthal and Henderson, 2003) is a useful 

method for validating the hand and overall shape of a map, particularly for lower-resolution 

maps in which secondary structure features are absent. A tilt-pair validation server 

developed by the Rosenthal group (Wasilewski and Rosenthal, 2014) has made the method 

generally accessible. This server has now been migrated to PDBe and is available for public 

use (http://pdbe.org/tiltpair).

Validation pipeline—An initial EM validation report has been developed for use in the 

wwPDB Deposition & Annotation system (see section 3.1). The format closely follows the 

validation reports produced by wwPDB for structures from X-ray crystallography (Read et 

al., 2011) and NMR (Montelione et al., 2013), and is based on the same underlying 

validation software pipeline (Gore et al., 2012). We have initially focused on providing map-

independent assessments of model quality. Model assessments include standard geometry 

(bonds, angles, and torsion angles), close contacts, protein and nucleic acid backbone 

geometry, and ligand geometry. A slider graphic compares the quality of the given structure, 

for key indicators, to all EM structures in the PDB archive, as well as all structures in the 

PDB archive.

Recognizing that nearly one quarter of all 3DEM models in the PDB contain polymers 

represented as atom traces (Cα-atom only for protein chains; P-atom only for nucleic acid 

chains), we are actively investigating new assessments for trace atom model geometry. 

Consecutive Cα-Cα distances are reported as outliers if they fall outside of ±3σ limits for 

cis and trans peptide distributions; consecutive P-P distances are reported as outliers if they 

are shorter than 4.4 Å or longer than 8.0 Å.
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The EM validation report also provides a table of basic information about the map, e.g., the 

reconstruction method, reported resolution, resolution method, imposed symmetry, number 

of images used, microscope, imaging parameters and detector. Future report versions will, 

with guidance from the EM Validation Task Force (Henderson et al., 2012 and see below), 

add validation components for the map as well as for the fit of the model to the map, as the 

relevant methods and metrics evolve and become accepted community standards. We will 

encourage depositors to include the validation report when submitting manuscripts for 

review, and encourage journal editors and reviewers to request these reports.

2.3. Programmatic Access

A REST API providing easy access to EMDB meta-data and PDB data in JSON format is 

available from http://pdbe.org/api. A web-service based on the SOAP protocol for accessing 

EMDB meta-data is available from http://emdatabank.org/webservice.html.

3. Deposition and Annotation

3.1. EMDB and PDB

The wwPDB partners and the EMDataBank project recently launched a new Deposition & 

Annotation system that supports structures determined using 3DEM, NMR, and X-ray, 

neutron and electron crystallography. New entries can be submitted at http://

deposit.wwpdb.org/deposition/. Depositors will be able to complete map-only (EMDB) and 

combined map+model (EMDB+PDB) submissions, providing information tailored to the 

particular 3DEM method selected (single particle, helical, subtomogram average, 

tomography, or electron crystallography). The new system produces an EM-specific 

validation report and features a revised and expanded metadata dictionary for 3DEM 

experiments (Patwardhan et al., 2012). For example, hierarchical sample description is 

implemented in way that can be tied to map segmentations (Patwardhan et al., 2014), and 

extensions for each 3DEM method have been added, following community-based 

recommendations (Henderson et al., 2012; Patwardhan et al., 2014). The new system also 

supports a rich set of auxiliary data including half maps used for validation, masks and FSC 

curves. Legacy systems for EM deposition (EMDEP for EMDB deposition and EM-ADIT 

(RCSB) or AUTODEP (PDBe)) will be kept running for a transitional phase, particularly to 

allow on-going depositions to complete. The shutdown of these systems will be announced 

well ahead of time on relevant forums in order to give the EM community time to prepare 

for the changes.

3.2. EMPIAR

A web-based deposition system for EMPIAR can be accessed via the “Deposition” tab at the 

top of the EMPIAR home page (pdbe.org/empiar). This is a user-based system that allows 

users to manage multiple depositions and to share access to depositions among multiple 

users. For EM experiments that require mandatory deposition of the final 3D reconstruction 

to EMDB, we require that an EMDB deposition is associated with the EMPIAR deposition. 

It is however also possible to deposit data relating to 3D SEM, and soft X-ray tomography. 

For these imaging modalities the requirement is that the data is associated with a journal 

publication. As with the EMDB depositions, once a deposition is submitted, the entry is 
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curated and released as per the instructions of the depositor. In contrast to EMDB, EMPIAR 

entries do not follow a weekly release process, but are released when they are ready. It 

should be noted though that this process is not instantaneous and multi terabyte datasets may 

take days to release from when the instruction is received.

4. Recent community wide initiatives

The structural archives serve a greater role than as mere data repositories. Reuse of data 

makes apparent issues related to data and meta-data formats, data storage and transfer, 

integration of data with other forms of structural data and other bioinformatics data, and data 

validation. The organizations, and partners involved in the running of the EMDB, PDB and 

EMPIAR archives play key roles as facilitators in helping bring about consensus and 

agreement on a range of issues to the wider benefit of the structural community. Here we 

provide an overview of some of the key initiatives and workshops that have helped move the 

field forward in recent years.

4.1. EM Validation task force

Assessment of structural data crucially requires community-accepted validation criteria 

(Montelione et al., 2013; Read et al., 2011). However, methods for validation of 3DEM 

structures are still in early development, and are applied inconsistently (Glaeser, 2013; 

Henderson, 2013; Subramaniam, 2013; van Heel, 2013). EMDataBank has been working 

with the 3DEM community to establish data validation methods that can be used in the 

structure determination process, to define key indicators of a well-determined structure that 

should accompany every structure deposition, and to implement appropriate validation 

procedures into a 3DEM validation pipeline.

In 2010 the EM Validation Task Force (EM VTF) was established. The international group 

of ~30 3DEM experts explored how to assess maps, models, and other data that are 

deposited into the EM Data Bank (EMDB) and Protein Data Bank (PDB) public data 

archives. Overall the need for more research and development of validation criteria for maps 

and map-derived models was strongly articulated (Henderson et al., 2012). For deposited 
maps, the EM VTF recognized a critical need to develop standards for assessing map 

resolution and accuracy, and recommended reporting of map resolution in accordance with 

visible features, deposition of annotations specific to each map type, and validation of map 

symmetry. For deposited map-derived models, EM VTF recommendations included 

establishment of criteria for assessing models both with and without regard to the fit to the 

map, creation of community-wide benchmarks for modeling methods, sequence annotation 

of all map components, and capability to archive coarse-grained representations of models. 

Additional recommendations included establishing deposition guidelines for publication of 

3DEM structures in journals, and expanding the role of EMDataBank to work together with 

the 3DEM community to provide unified access to 3DEM structures and to facilitate 

development of validation and data standards. The EM VTF also recommended providing 

full FSC curves with deposited maps, indicating whether or not maps used for FSC 

calculation are fully independent, establishing benchmark datasets for maps and models, and 

providing multiple types of assessments for models. Participants at the 2011 “Data 
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management challenges in 3D electron microscopy” workshop (Patwardhan et al., 2012) 

reiterated the EM VTF’s advice, and provided further recommendations regarding 

development of data models and validation-related services.

EMDataBank is following up on these recommendations with research efforts, community-

wide challenges, and validation pipeline development.

4.2. “Data management challenges in 3D electron microscopy” workshop

The aim of this expert workshop held in December 2011 was to discuss the growing 

challenges of storing, sharing, transferring, analyzing, viewing, validating and annotating 

3DEM data. The outcomes of the meeting included an acknowledgement for the need to set 

up an archive for raw image data relating to EMDB entries as vital for validation, laying the 

foundations for the initial ideas that would eventually result in the establishment of EMPIAR 

(Patwardhan et al., 2012). Overall the participants endorsed the vital role that EMDataBank 

and its partners could play in improving reporting standards for validation in 3DEM, and 

providing validation tools for 3DEM data. The participants also felt that it would be 

desirable to have community wide efforts on the subject of format standardization and 

harmonization. Subsequent to this meeting there has been an initiative to try and clarify and 

standardize the definition of the MRC map format (Cheng et al., 2015) and to develop an 

EM exchange format that could be used to represent EM related metadata such as particle 

coordinates and coordinate transformations (Marabini et al., 2016). Meeting participants also 

recognized a problem with the deposition rates for electron tomography lagging behind that 

of single-particle EM. It was agreed that there were several reasons for this, partly having to 

do with the cellular community being more closely related to the cellular imaging 

community than to the structural community where the concept of deposition had been long 

since established. Also the EMDB data model did not adequately capture meta-data for 

cellular EM, nor was integration adequately promoted as the support for segmentation data 

was rudimentary. In order to improve deposition of electron tomography EMDataBank 

highlighted the issue on the 3DEM bulletin board and at meetings and managed to garner 

agreement on the mandatory deposition of sub-tomogram averages, and a “strong 

recommendation” for the deposition of at least one representative tomogram from every 

electron tomography publication.

4.3. “A 3D cellular context for the macromolecular world” workshop

This expert workshop (Patwardhan et al., 2014) expanded on the discussions on archiving in 

cellular EM initiated at the “Data management challenges in 3D electron microscopy” 

workshop. A key question discussed was whether archiving needed to be expanded to 

support other imaging modalities to adequately provide a cellular context, and how to 

integrate structural data at different scales of imaging. There was a further endorsement for 

the development of an archive for raw image data with an eye to extend this to be able to 

easily accommodate new modalities of cellular imaging data. The participants recognized 

that the scope for this could be very wide and that it would make sense to focus on a few but 

important modalities, and the ones suggested were 3D SEM, soft X-ray tomography and 

correlative light and electron microscopy. In terms of data integration the participants 

recognized the need to capture segmentation data in EMDB and to ensure that segmentations 
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were annotated with biological terms from relevant biological ontologies and bioinformatics 

databases, and that tools and formats were created that facilitated this annotation and 

subsequent deposition. In 2014 PDBe received funding from the MRC/BBSRC for the very 

purpose of working on these outcomes from the meeting – the development of EMPIAR, the 

development of integrated web-based visualisation of molecular and cellular structural data, 

and the development of a web-based tool to facilitate the biological annotation of 

segmentations. A slight digression but nevertheless of importance for the field was a 

discussion on the need for archive movies relating to EMDB and PDB entries usually 

included in the supplementary materials for journal publications. The motivation was the 

lack of consistency in annotation and presentation between journals and questions about 

long-term sustainability – there was anecdotal evidence that many movies included as 

supplementary information were no longer available after some period of time. More 

recently PDBe (work by Vladislav Lysenkov) has developed a prototype movie archive, 

which subject support from the EM community and publishers and additional funding will 

be further developed into a full fledged movie archive for EMDB and PDB entries.

4.4. wwPDB Hybrid/Integrative Methods Task Force workshop

This workshop was convened to bring together experts in the field to discuss steps to enable 

better support for the archiving of hybrid methods experiments in the public domain (Sali et 

al., 2015). There are several structural biological problems that cannot be tackled by a single 

structural technique alone and require the close integration of information from both 

established structural techniques and other sources such small-angle X-ray scattering 

(SAXS), fluorescence microscopy and mass spectrometry. The information that can 

currently be deposited to public databases is often insufficient to provide a holistic view of 

hybrid methods experiments.

The participants agreed that all relevant experimental data should be archived, but it would 

be up to the expert communities to drive decisions on what should be archived and how. A 

flexible model representation needed to be developed to accommodate models at different 

scales – as integrative modelling would often yield coarse grained non-atomistic models 

(showing for example the positioning of domains rather than domain detail) and to 

accommodate multi-state models and model ensembles. Additionally methods for estimating 

the uncertainty needed to be established. Finally, due to the wide array of methods, user 

communities and funding sources involved a single archive model was deemed unrealistic 

and instead the approach would be to create a federated system of model and data archives.

4.5. EMDataBank map and model validation challenges

EMDataBank is sponsoring two new community challenges in 2015–2016 to raise 

awareness of the need for structure validation as a routine part of 3DEM studies and 

publications. Additional goals are to develop suitable sets of benchmark data, establish best 

practices, evolve criteria for validation, and compare and contrast different 3DEM 

methodologies. The new challenges have been formulated by committees composed of 

3DEM community members, with benchmark targets of varying size and complexity 

selected from recently deposited 3DEM structures based on current state-of-the-art detectors 

and processing methods, in the resolution range 2.2–4.5 Å. The new challenges follow in the 
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positive spirit of previous community-based challenge activities for particle picking (Zhu et 

al., 2004), modeling (Ludtke et al., 2012), and CTF correction (Ludtke et al., 2012; Marabini 

et al., 2015; Zhu et al., 2004). We anticipate that the community-developed benchmarks will 

prove useful for methods evaluation, even beyond these challenge activities (Editorial, 

2015).

For the map challenge, participants have been asked to create and submit reconstructions 

using supplied image data. The map challenge data, which totals 12 TB for seven benchmark 

targets and includes raw movie frame images, have been provided by the original authors of 

the selected targets, and are stored in EMPIAR. For the model challenge, participants have 

been asked to create and submit atomic coordinate models using supplied maps. Following a 

key recommendation of cryoEM specialists and modelling software developers at a planning 

workshop organized in June 2015, each benchmark target is an unfiltered, unsharpened map. 

Half-maps used for FSC curve calculation are also available for participants to try out 

various refinement and validation strategies. Maps for the eight targets have been provided 

by the original authors of the target structures, and are stored as supplemental files 

associated with EMDB entries.

Each challenge has challenger submission and results assessment phases. Follow-up 

discussions via participant workshops are planned, as well as dissemination of results in 

journal special issues. Anyone from the scientific community is welcome to participate as a 

challenger and/or assessor. Both challenges are hosted at http://challenges.emdatabank.org/.

5. Challenges and opportunities

5.1. Rise of multi-user facilities, CCP-EM and prospects for data harvesting

The rising costs of purchasing state-of–the-art cryoEM microscopy systems and maintaining 

the supporting infrastructure are putting them beyond the reach of many individual 

institutions. A growing trend is therefore for a more coordinated approach often involving 

regional or national collaborations between multiple institutions to set up multi-user 

facilities similar to the beam-lines at synchrotron facilities. Examples include Necen in the 

Netherlands (http://www.necen.nl/), the electron Bio-Imaging Centre (eBIC; (Saibil et al., 

2015)) at the Diamond Light Source in the UK, the National Resource for Automated 

Molecular Microscopy in New York (NRAMM; http://nramm.nysbc.org/) and the National 

Center for Macromolecular Imaging in Houston (NCMI; http://ncmi.bcm.edu/ncmi/). A 

number of issues need to be considered to maximize the efficiency and throughput of these 

centres. For instance, the availability of lower-end microscopes that can be used for 

screening and fine-tuning to maximise the chance of getting high quality datasets when time 

is finally allocated. Automation of the imaging session using software such as EPU (https://

www.fei.com/software/epu/), Leginon (Suloway et al., 2005) and SerialEM (Mastronarde, 

2005) is essential to maximise the amount of data that can be collected. Data management 

and image processing can also pose major challenges. However the development of coherent 

software pipelines also gives rise to the opportunity for harvesting data directly to EMDB 

and EMPIAR, which could greatly facilitate the deposition process. In the context of the 

EMDataBank project we have previously demonstrated the feasibility of harvesting a 

partially populated meta-data XML file following the EMDB XML schema and populating 
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relevant form fields. The Collaborative Computational Project for Electron cryo-Microscopy 

(CCP-EM; (Wood et al., 2015)) was established following the model in the UK for 

Collaborative Computational Projects (e.g., CCP4 for macromolecular crystallography) for 

providing long-term support to scientific areas that require significant computation. The 

aims are to build a coherent cryoEM community, supporting users of cryoEM software, and 

supporting developers in producing and distributing software. Funding for the CCP-EM 

project was recently renewed with an additional emphasis on helping develop software 

pipelines and infrastructure for eBIC. In this context the prospect of direct harvesting of data 

from eBIC to EMPIAR and EMDB will be considered with PDBe, and any developments 

are likely to benefit other multi-user facilities as well.

5.2. New imaging modalities

With EMPIAR now accepting data from 3D SEM and soft X-ray tomography experiments it 

may be asked whether public archiving can and should be extended to other imaging 

modalities, including fluorescence microscopy, to accommodate for the rapidly changing 

landscape of cellular structural biology? The approach to archiving followed by EMDB and 

EMPIAR remains fairly traditional with centralised archiving, well-structured data, 

disciplined practices and transparent processes. The strengths of such a system are its 

robustness, high availability of data and ease of access. The high coherency and consistency 

in describing the data simplifies reuse and integration. However with centralised archiving 

costs can increase prohibitively for the archive provider if data volumes expand too quickly. 

Furthermore in fields such as super-resolution microscopy where there are a multitude of 

variations in how experiments are conducted, it may be difficult to abstract a coherent set of 

meta-data beyond a very basal level. On the opposite end of the spectrum is the prospect of 

distributed archiving, and unstructured data. From our perspective there are no “right” 

solutions and the relative merits of these solutions need to be considered on a case-by-case 

basis and may change over time. On an even more fundamental level a question that needs to 

be posed is what purpose public archiving of this data will serve? On the molecular end of 

structural biology it has largely been the community itself that has driven the need for public 

access of data for the purposes of reproducibility, validation, re-use of data and data 

integration. Even here some compromises have had to be struck, for example, it has been 

deemed impractical to archive raw X-ray imaging data in PDB and instead where possible 

links are maintained to the local sites where this data is stored. Similarly these 

considerations need to be made very carefully for cellular imaging data in order to arrive at 

solutions that are viable and sustainable.
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Figure 1. 
Released 3DEM entries in EMDB and PDB, cumulative by year, since the start of the 

EMDataBank Project in 2007.
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Figure 2. 
Trend in reported 3DEM method for EMDB entries released between 2010 and 2015, 

showing annual releases.
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Figure 3. 
Trend in reported resolution for EMDB entries released between 2010 and 2015, showing 

annual releases.
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Figure 4. 
Trends in released EMDB entries where a direct electron detector was used. The numbers 

for 2016 are for the period up to 23/3/2016. a) The column chart shows the total number of 

entries where a direct electron detector was used (axis to the left) and the line chart shows 

the fraction of all entries (axis to the right). b) These charts are similar to a) except that the 

resolution is restricted to 4Å or better.
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