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ABSTRACT

The Protein Data Bank in Europe (PDBe; pdbe.org) is
actively involved in managing the international
archive of biomacromolecular structure data as
one of the partners in the Worldwide Protein Data
Bank (wwPDB; wwpdb.org). PDBe also develops
new tools to make structural data more widely and
more easily available to the biomedical community.
PDBe has developed a browser to access and
analyze the structural archive using classification
systems that are familiar to chemists and biologists.
The PDBe web pages that describe individual PDB
entries have been enhanced through the introduc-
tion of plain-English summary pages and iconic rep-
resentations of the contents of an entry (PDBprints).
In addition, the information available for structures
determined by means of NMR spectroscopy has
been expanded. Finally, the entire web site has
been redesigned to make it substantially easier to
use for expert and novice users alike. PDBe works
closely with other teams at the European
Bioinformatics Institute (EBI) and in the international
scientific community to develop new resources with
value-added information. The SIFTS initiative is an
example of such a collaboration—it provides exten-
sive mapping data between proteins whose struc-
tures are available from the PDB and a host of other
biomedical databases. SIFTS is widely used by
major bioinformatics resources.

INTRODUCTION

The Protein Data Bank in Europe (PDBe; pdbe.org) (1) is
the European partner in the Worldwide Protein Data
Bank (wwPDB; wwpdb.org) (2), the international partner-
ship that manages the Protein Data Bank (PDB) (3,4)
archive of experimentally determined biomacromolecular
structures. The other wwPDB partners are the Research
Collaboratory for Structural Bioinformatics (RCSB) (5)
and the BioMagResBank (BMRB) (6) in the USA, as
well as the Protein Data Bank Japan (PDBj) (7). The
four partners provide data deposition and annotation
facilities for the experimental structural-biology commu-
nity. This collaboration has resulted in a single, uniform
archive for macromolecular structure data and has led to
substantial improvements in the quality, consistency and
integrity of the archive. The PDB is updated weekly with
new and revised entries and is made available by all the
wwPDB sites simultaneously at 0:00 UTC (Coordinated
Universal Time) on Wednesdays. The archive is freely
downloadable and is mirrored by many third-party sites.

The wwPDB partners each offer different and
competing services to deliver the basic archival data
along with value-added information, thus providing alter-
native and in some cases complementary ways for the user
community to obtain biomacromolecular structure infor-
mation. Historically, PDBe has provided the structural
biology community with advanced tools and services for
biomacromolecular structure search and analysis (8).
PDBe has also been at the forefront of developing
resources for X-ray crystallography, Nuclear Magnetic
Resonance (NMR) spectroscopy and cryo-Electron
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Microscopy (EM). The Electron Microscopy Data Bank
(EMDB; EMDataBank.org) (9,10) was established at the
EBI in 2002 and is now managed and developed in col-
laboration with the RCSB and Baylor College of Medicine
(EMDataBank.org this issue).

As the PDB approaches its 40th anniversary in 2011,
PDBe has turned its attention to a fundamental problem
facing the structural biology community: ‘how to make
the wealth of structural data available to the larger bio-
medical community? Addressing this issue will require
rethinking the ways in which structure data is delivered
to users. Issues of data quality and validation are crucial
to ensure that users with relatively little structural biology
background can assess the quality of the data they want to
use. In this article, we discuss the first steps towards
providing better access to biomacromolecular structure
data for expert and novice users alike. In addition, we
describe new resources for value-added NMR data and
the SIFTS project (11), which is the authoritative source
of up-to-date residue-level annotation of protein struc-
tures in the PDB with data available in UniProt (12)
and several other major biomedical databases.

PDBeXplore: A BROWSER FOR STRUCTURAL
KNOWLEDGE

As a first step towards making biomacromolecular struc-
ture data available to the biomedical community, PDBe
has developed an interface that allows access to the
3D-structure data based on classification systems that
are familiar and intuitive to molecular biologists, bio-
chemists and other life scientists. This marks a shift
from the traditional way of accessing PDB data based
on PDB accession code or by searches using information
regarding, for instance, a publication, a molecule name, a
sequence or a related 3D structure.

b.orglec
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The new browsing capability can be used not only to list
and sort the relevant PDB entries, but also to analyze the
structural knowledge embodied in the PDB in the context
of the biological knowledge represented in various bio-
logical classification systems. One of the oldest and most
widely used biochemical classification systems is the
‘Enzyme Classification’ (EC) (13), which classifies the
known enzymes into functional families. Based on infor-
mation from the IntEnz (14) database we have developed
a new interactive interface to browse PDB data in the
context of the Enzyme Classification.

The EC browser (pdbe.org/ec) enables users to retrieve
and analyze information on any or all of the enzyme struc-
tures available in the PDB. Figure 1 shows the
EC-browser interface, which consists of three compo-
nents: a panel that enables users to select enzymes or
enzyme classes of interest; a panel that displays informa-
tion about the class of enzymes selected by the user; and a
central panel that presents different views on the structural
information available in the PDB and related resources
about the selected enzyme class, organized in a number
of tabs. Each tab provides a different view on the data:

(i) PDB entries: the default view in the browser
displays information about the PDB entries (if
any) that contain structures for one or more
members of the selected enzyme class. The infor-
mation is in a table that summarizes the most
relevant aspects of each PDB entry (e.g., PDB
code, EC class, experimental method, deposition
date, resolution, organism name). The table can
be sorted on any of these attributes by clicking
the corresponding column header.

Ligands: this view displays information (e.g. ligand
identifier, name and formula) about the ligand
molecules found in the PDB entries for the
selected enzyme class. By default, the ligands are

(ii)
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Figure 1. The Enzyme Classification-based PDB browser (pdbe.org/ec; see text for details).
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sorted by the total number of occurrences in the
PDB entries of the selected enzyme class.

(iii) Structure folds: this view displays information
about the fold families [based on the CATH clas-
sification (15)] encountered in PDB entries that
contain a member of the selected enzyme class.
The tab also shows the distribution of the most
frequent CATH classes and architectures for the
selected enzyme class as pie charts.

(iv) Assemblies: this view provides information about
the possible quaternary structure(s) of the selected
PDB entries calculated with the program PISA
(16). A tally of monomeric, homomeric and
heteromeric assemblies is presented in a table.
Two pie charts show a further breakdown of the
composition of homomeric and heteromeric struc-
tures. This view also shows the possible quaternary
structure(s) for the entries, together with (for
non-monomeric structures) the accessible surface
area of the complex, its buried surface area and
the estimated free-energy gain upon formation of
the complex.

(v) Sequence families: this table displays information
about all the Pfam (17) sequence families encoun-
tered in the PDB entries containing members of
the selected enzyme class.

(vi) Organisms: the source organisms of the proteins in
the selected PDB entries are listed. Two pie charts
show the distribution of the most common organ-
isms based on superkingdom (bacteria, archaea,
etc.) and genus (homo, rattus, bacillus, etc.).

(vii) Publications: shows detailed information on the
(primary) publications of the selected PDB entries.

(viii) Links: this view contains information from the
CAS (http://www.cas.org/), GO (18), PROSITE
(19) and UniProt (12) databases for the selected
enzyme class.

(ix) Authors: lists the names of all the authors of the
structures of the selected enzyme class in the PDB,
sorted by the number of PDB entries of which they
are authors. This view allows a user to quickly
identify structural biologists who have (had) an
interest in the selected EC class (e.g. as potential
collaborators or referees).

All the data displayed in the browser is retrieved from
the PDBe database in real time and all graphs are
generated on the fly. Hence, the information shown is
always up-to-date. The interface also allows users to
download data presented in the central panel for further
analysis or reporting. Browsing the structural archive in
this fashion gives both expert and non-expert users an
intuitive means for accessing and analyzing the wealth of

information available in the PDB, using familiar biologic-
al or (bio-)chemical terms and classifications.

In addition to the EC browser, PDBe has developed two
other browser modules that are based on the
sequence-based protein-family classification system Pfam
(17)  (pdbe.org/pfam) and the structure-fold-based
protein-family  classification  system CATH (15)
(pdbe.org/cath), respectively, and further modules are
under development. There is also a browser-like interface
for analyzing the results of FASTA-based (20) sequence
searches of the PDB (21) (pdbe.org/fasta). The function-
ality and interface of these browsers is very similar to that
of the EC browser.

PDBprints: AT-A-GLANCE SUMMARIES OF PDB
ENTRIES

In order to convey key information about a PDB entry,
PDBe has designed a set of intuitive icons called
PDBIlogos. In addition, PDBe has introduced PDBprints
(pdbe.org/pdbprints), which are sets of seven icons that
convey specific bits of information in a well-defined
order. On the PDBe Atlas pages, PDBprints are used to
give an at-a-glance overview of the contents of an entry.
PDBprints also allow for easy comparison of PDB entries
listed in the result lists of the PDBe search system. In the
first release of PDBprints (summer 2010), the following
categories of information are included:

(1) Primary citation: has the PDB entry been pub-
lished in the literature?

(i) Taxonomy: what is the source organism of the
biomacromolecule(s) in the entry?

(iii) Sample-production technique: how was the sample
of the biomacromolecule(s) obtained?

(iv) Structure-determination method: which experimen-
tal technique(s) was used to determine the struc-
ture and is the experimental data available from
the PDB?

(v) Protein content: does the entry contain any protein
molecules?

(vi) Nucleic acid content: does the entry contain any
nucleic acid molecules (DNA, RNA or a hybrid)?

(vii) Heterogen content: does the entry contain any
ligands (such as inhibitors, co-factors, ions,
metals, etc.)?

Some of the icons may have either a grey or a colored
background. If the background is grey, this implies that
the corresponding feature, data or information is absent
or unavailable. For example, Figure 2 shows the
PDBprints for PDB entry latp (22), which immediately
reveals that latp is a published crystal structure of a
heterologously expressed mouse protein in complex with

Figure 2. PDBprints for PDB entry latp (pdbe.org/pdbprints; see text for details).
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Figure 3. The redesigned PDBe home page (pdbe.org).

a ligand, for which the experimental data is available. The
grey icon indicates that the entry contains no nucleic acid
molecules.

A REDESIGNED, USER-ORIENTED WEB SITE

PDBe has established itself as a provider of advanced
services such as PDBeFold (23), PDBeMotif (24) and
PDBePISA (16). These services are used not only by the
experimental structural biology community, but also by
the wider bioinformatics and biology community inter-
ested in information about biological assemblies or in
comparing the folds or ligand-binding sites of structures
available in the PDB. To make these services more easily
accessible, we have redesigned our web site with two major
objectives in mind: to make PDBe services and the PDB
archive data more accessible to a broader user base, in
particular novice and non-expert users, and to integrate
services in a transparent manner.

The PDBe home page (pdbe.org) was redesigned to
allow easy access to the PDB data and the advanced
PDBe services (Figure 3). A ‘PDBe Tools’ panel
provides links to some of the most popular search and
analysis tools at PDBe, organized in problem-oriented
sets (‘deposit’, ‘browse’, ‘search’, etc.). The central part
of the home page provides access to a wealth of informa-
tion about PDBe and its resources, services and tools. By
default, the page opens on the ‘Home’ tab, which offers a
number of quick ways to access information for a particu-
lar PDB entry. The ‘Sequence search’ sub-tab provides
easy access to the FASTA-based (21) browser interface.
Users can find additional information about various
PDBe resources, tools and services via the ‘PDBe
feature’ sub-tab. The ‘Quick access’ sub-tab, which is dis-
played by default, enables users to enter a PDB code and
gain single-click access to a number of commonly
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requested information sources about that entry. At
present, these include (i) the new English-language
summary Atlas page (Figure 4); (ii) the PDB-formatted
file from the archive; (iii) a page with links to files
related to the PDB entry [e.g. mmCIF and PDBML files
of the structure, experimental data and SIFTS (11) data];
(iv) the probable quaternary structure (derived by
PDBePISA); (v) similar folds in the PDB [calculated by
PDBeFold (23), based on the program SSM (25)]; and (vi)
analyses of sequence motifs, 3D motifs, ligand inter-
actions, etc. from PDBeMotif (24). The ‘Quick access’
sub-tab further allows users to search for PDB entries
based on an external database identifier [e.g. from
PubMed (26), UniProt (12), SCOP (27), Pfam (17),
CATH (15) or GO (18)]. Finally, the ‘Quick access’
sub-tab provides a number of links that give access to a
random PDB entry that satisfies a criterion relating to the
method used to solve the structure, the type of molecules
in the entry, or when the entry was released. These links
are very useful for education and outreach purposes.

Novice users of the PDBe web site will benefit from
the newly introduced Wizard. This Wizard tries to deter-
mine what a user is looking for based on answers to a series
of questions. In most cases, it eventually presents users
with a search form for direct access to the information or
it suggests an appropriate resource or advanced service at
PDBe. Users are also provided with a ‘Shortcut’ method
that does not require use of the Wizard pages, should they
wish to carry out similar searches in the future. Figure 5
shows an example of a series of Wizard pages.

The search bar at the top of the PDBe home page can be
used to carry out a quick search for a specific PDB or
EMDB (9,10) entry, or a quick keyword search of both
databases. The two databases are queried simultaneously
and the search results are classified based on the categories
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Figure 4. For every PDB entry, PDBe offers a summary Atlas page (including the entry’s PDBprints) that presents vital information in simple
English sentences and a few tables with cross-reference information. The other Atlas pages of an entry provide much more detailed information.

Welcome to the PDBe Wizard

This wizard will ask you a few questions to try and find out what
information you are looking for and what information you already
have.

What do you want to do?

o Locate a specific PDB or EMDB entry or entries

e Fi
ﬁ Locating a Specific Entry
e Fin 1. You are trying to locate a spe¢ . L i
o e Locating an entry by its identifier
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* Information about the molect

Enter the identifier in the appropriate box and click Submit.

PDBIDcode:[ ~  Submit
—
EMDBIDcode:[|  Submit

What results will | get? | Shortcut J] Leave feedback

Figure 5. The PDBe Wizard (pdbe.org/wizard) guides users to information by asking simple questions to find out what they know and what they
hope to find. The figure shows three subsequent Wizard panels that help users locate a particular PDB or EMDB entry based on its PDB code or
EMDB accession number.

in which the search term was present. For instance, a A final feature to help users access PDBe resources is
search term such as ‘cancer’ may occur as part of a the implementation of a number of easy-to-remember
journal title, a publication title, a molecule name, short-cut URLs (Table 1), e.g. ‘pdbe.org’ gives direct
a keyword or a domain or sequence family name, etc. access to the PDBe home page while ‘pdbe.org/fold” and

This facility enables users to refine their search and only ‘pdbe.org/pisa’ provide direct access to the PDBeFold and
find results in a category of their interest. PDBePISA services, respectively. The URL ‘pdbe.org/
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Table 1. Shortcut URLs to some PDBe services and resources
pdbe.org/deposit Deposit data to the PDB using AutoDep
pdbe.org/1xyz Get more information about PDB entry Ixyz
pdbe.org/download/1xyz Download the PDB file of entry Ixyz
pdbe.org/fold Find structures with similar folds
pdbe.org/pisa Analyze assemblies, interfaces and quaternary structure
pdbe.org/motif Analyze ligands and their binding properties, sequence motifs, structure motifs, etc.
pdbe.org/browse Browse the structural archive
pdbe.org/analysis Analyze PDB data
pdbe.org/pdbprints Read about PDBprints
pdbe.org/nmr Access the PDBe NMR pages
pdbe.org/emdb Access the EMDB pages
pdbe.org/sifts Use the SIFTS website
pdbe.org/wizard Use the Wizard to find information on the PDBe website
pdbe.org/resources Find out more about PDBe resources
lxyz’ links directly to the PDBe Summary Atlas page fOI' Table 2. SIFTS statistics of the number of PDB entries with
PDB entry ‘lxyz’, while ‘pdbe.org/download/lxyz’ gives cross-reference information (September 2010)
direct access to the PDB file for that entry. Total PDB entries processed 67981
Entries with no possible UniProt cross-reference 3691
STRUCTURE INTEGRATION WITH FUNCTION, Entries w%th Un}Prot cross-refeyence 64073
Entries with residue-level mapping 64073

TAXONOMY AND SEQUENCE

The European Bioinformatics Institute (EBI) is home to a
number of core bioinformatics databases and services that
provide data relevant to the biomedical field. As part of
the EBI, PDBe is in a unique position to enhance the an-
notation of biomacromolecular structures with data from
other biological databases by cross-referencing and
mapping to in-house resources. The ‘Structure
Integration with Function, Taxonomy and Sequence’ ini-
tiative (SIFTS; pdbe.org/sifts) (11) is a close collaboration
between the PDBe and UniProt (12) teams, with the goal
of improving the integration of protein structure and
sequence data. The project was started in 2001 and has
resulted in the development of a robust mechanism for
enhancing annotations and exchanging data between the
major structure- and sequence-based resources.

The SIFTS procedure (S.V. et al., unpublished data)
identifies the correct cross-reference in the UniProt
database for every protein in a PDB entry. All the data
for residue-level mapping between a PDB entry and the
corresponding UniProt entry is generated using auto-
mated procedures once all the taxonomy and UniProt
cross-reference information has been identified. To
validate the mapping, the data is loaded into the PDBe
database where data integrity checks are performed
independently of the mapping process. The mapping in-
formation is enriched with cross-reference information
from the NCBI taxonomy database (26,28), IntEnz (14),
CATH (12), SCOP (27), InterPro (29), Pfam (15) and
PubMed (26). This process is based either on information
from the corresponding UniProt entry or from the links
available to the PDB entry from the corresponding data-
bases. While this process is very effective in gathering and
cross-mapping these data resources, in relation to GO (18)
terms it can introduce spurious mappings. This is due to
the fact that all the GO terms are mapped onto the
complete sequence in a UniProt entry whereas a PDB
entry may only contain a fragment or domain to which
the GO annotation may not be applicable. To address this

Entries awaiting export 217

Entries with NCBI taxonomy identifier 64785
Entries with cross-reference to InterPro 63292
Entries with Pfam family annotation 62210
Entries with cross-reference to Gene Ontology terms 55918
Entries with primary citation with PubMed identifier 54524
Entries with SCOP cross-reference 38078
Entries with assigned CATH identifier 35279
Entries with assigned EC classification 28978

problem, PDBe has developed an improved mapping
process for GO terms in collaboration with the InterPro
and GOA teams at the EBI. The new process uses
InterProScan (30) and considers only the domains
present in the PDB entry to map the corresponding GO
terms (18). All cross-reference data is made freely avail-
able in tab-delimited files and XML files from the PDBe
ftp area (pdbe.org/sifts/ftp). SIFTS data is used by major
bioinformatics resources such as RCSB (5), PDBsum (31),
Pfam (17), SCOP (27), InterPro (29), several DAS server
providers (32) and many research and service groups
around the world to provide cross-reference information
on their web pages. Table 2 shows statistics for the PDB
entries that have SIFTS-based cross-references as of
September 2010.

NEW RESOURCES FOR NMR-RELATED DATA

PDBe has worked closely with the NMR community and
BMRB to improve the data quality of NMR depositions
in the PDB. NMR spectroscopy is an important
structure-determination technique but has suffered from
a lack of standards and tools, which has limited the reli-
ability of the deposited data. Capturing experimental data
is key to enhancing the reliability of NMR structures in
the PDB. The deposition of restraints derived from the
experimental data (such as NOE-based distant restraints)
has been mandatory since February 2008, and by the end
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of 2010 the deposition of chemical shift information will
also become mandatory.

To facilitate the deposition of NMR models, experi-
mental data, restraints and other metadata, PDBe has
developed the ‘Entry Completion Interface’ (ECI) (33).
The software is based on the CCPN (34) framework and
enables pooling of all NMR-related data in one project.
The CCPN FormatConverter (34) can be used within ECI
to import data from the output of commonly used NMR
software. ECI also carries out basic validation of chemical
shifts against standard values. The finalized CCPN project
can be uploaded to PDBe using AutoDep (33,35).
AutoDep also accepts chemical shifts as a separate file
in NMR-STAR (V3.1) format and allows the input of
referencing information for the relevant nuclei. In that
case, an additional validation step is carried out to
check the correspondence of the atom nomenclature
between the coordinate and the chemical shift data. The
chemical shift data is automatically forwarded to the
BMRB for further annotation and archiving.

The PDBe Atlas pages contain details about the
underlying experiments for every PDB entry. In the case
of NMR entries, these pages have been redesigned to
provide access to a wealth of publicly available informa-
tion, some of which is unique to PDBe (Figure 6). For
every NMR entry for which the appropriate data is avail-
able, the following information is provided (Table 3 lists
the number of NMR entries for which each kind of infor-
mation is available, as of September 2010):

(1) The VASCO (36) validation report. This program
may suggest a systematic correction of the de-
posited chemical shifts and also identifies any
chemical shift outliers based on statistics that
take into account the atom type, secondary
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structure and average accessible surface area of
the atom in the ensemble. In the future, we
intend to provide VASCO as a web service for
validation of chemical shifts prior to deposition
and at any stage of the structure-determination
process.
(i) For ensembles of protein NMR structures, the
most representative conformer as identified by
analysis with the program OLDERADO (37) is
presented. The full OLDERADO report, which
gives more detailed information about the cluster-
ing and domain organization of the ensemble, is
also available (Figure 7).
RECOORD (38) is a database of recalculated
NMR structure ensembles hosted at PDBe. Each
RECOORD page contains a comparison of
ensemble quality scores for both the originally de-
posited and the recalculated structures, as well as
the coordinates of the recalculated ensembles.
(iv) Chemical shift data available at BMRB, linked
uniquely for jointly deposited data and by
sequence similarity search.

(iii)

Table 3. Number of NMR-based PDB entries for which additional
information is available through the PDBe Atlas pages (September
2010)

NMR entries in the PDB 8592
NMR entries with OLDERADO report 6440
NMR entries with NRG restraints 5864
NMR entries with CING report 5816
NMR entries with chemical shifts available at BMRB 4665
NMR entries with VASCO report 2303
NMR entries in the RECOORD database 539
NMR entries in the DRESS resource 99
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Figure 6. One of the Atlas pages for PDB entry Ifex (42), showing NMR-related information and links.
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Figure 7. Summary of OLDERADO (36) information for PDB entry lieh (43). The core residues used for the clustering are listed in the panel
‘NMRCore results’, and the final clustering is in the panel ‘NMRClust results’. Clicking on the links for the models will return a PDB file containing

only the coordinates for that model.

(v) Deposited and remediated restraints for most
NMR structures from the NRG-GRID (39).

(vi) Validation reports generated by the CING suite
(nmr.cmbi.ru.nl/NRG-CING), containing
Ramachandran statistics, identification of violated
restraints, per-residue quality analysis, etc.

(vii) Reports for the NMR ensembles included in the
re-refined NMR structure database DRESS (40).

FUTURE DEVELOPMENTS

PDBe works closely with its wwPDB partners, the struc-
tural biology community and bioinformatics resources at
the EBI and elsewhere to improve the quality and consist-
ency of the data in the PDB. It is actively involved in the
wwPDB X-ray and NMR validation task forces and is
implementing the recommendations of the X-ray valid-
ation task force (41). This validation pipeline will be
used by all wwPDB partners, both to validate new depos-
itions to the PDB and to assess the quality of existing
entries. The validation data will be crucial to help
experts and novices alike to access structural information
that is reliable. In the next few years, PDBe will also en-
deavour to provide new ways to access and integrate struc-
tural and related data, especially for non-expert users.
Simultaneously, PDBe will continue to develop advanced
services aimed more specifically at the structural biology
community.
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